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PREFACE

It is now three years since we wrote that “lung cancer is the leading cause of cancer-related deaths in North America and Europe, and its incidence is rising 
elsewhere,” ensuring an increasing number of lung cancer deaths worldwide. Unfortunately, we can substitute “remains the leading cause” for “is the leading cause.” 
In 1997 alone, 178,100 new lung cancer patients were diagnosed in the United States. Lung cancer is rising at an exponential rate in women and in under-served 
populations. Children and young adults continue to smoke in alarming proportions. That's the bad news.

The encouraging news is that lung cancer and tobacco abuse are getting the attention necessary to actually open pocket books for related clinical and benchwork 
research. Advocacy groups for lung cancer, virtually unheard of in 1996, are taking a more proactive stance in the education of patients, families, and primary care 
physicians. An unprecedented resurgence in early detection, screening, and lung cancer prevention is gaining momentum, which could eventually translate into stage 
migration. New imaging techniques are being validated for increased sensitivity that may even change surgical staging practices. Aggressive multimodality therapy is 
moving into clinical trials for patients with earlier stages. Even the staging system (biologic staging) is different! Scientists are beginning to lay out an evolutionary 
molecular model of airway carcinogenesis. This model may predict or describe either the earliest event that could signal the development of lung cancer, or the event 
in the spectrum that is the latest, but reversible, so that it would be possible to indicate who will move on to neoplasia.

The task for all of us involved in the management of lung cancer is to look critically at past, present, and novel therapies for lung cancer. After this survey, we must 
assess the reasons for their failure, and study new therapies in ways that will delivers answers, hopefully at an unprecedented pace.

This, the second edition of Lung Cancer: Principles and Practice, retains the specifications that were made for its predecessor. It contains contributions from clinicians 
in all relevant disciplines=msurgery, radiation oncology, medical oncology, pathology, and pulmonology. Also, it includes contributions from basic scientists working in 
the field. We have attempted to blend clinical reality with benchwork dreams in a manner that assumed nothing regarding the reader's basic knowledge of lung 
cancer. Additionally, we have retained a similar format, starting with the biology of the disease. This concept extends to the clinical disciplines, with discussions of 
basic principles regarding surgery, radiotherapy, and chemotherapy. After the groundwork is laid, indepth discussions of innovative or aggressive treatments are 
outlined by authors who offer original detailed descriptions. This book alludes to the advantages, limits, and results of a multidisciplinary approach throughout, while 
making a concerted effort to unite concepts regarding this disease, such that the reader is armed with a greater understanding of the natural history, biology, and 
treatment options for lung cancer.

This second edition is meant to serve as a comprehensive reference for any individual interested in lung cancer; one that would appeal to scientists with very basic 
information of lung cancer, clinicians, and serve to broaden the knowledge base of medical students, primary care physicians, and cancer specialists.

Although the format may look similar, this edition has changed in accordance with the changes that occurred in the world of lung cancer. The book is bigger, and this 
reflects the increasing fund of clinical and benchwork knowledge that occurred since 1996. Newer aspects of the molecular genetics and biology of lung cancer are 
found in contributions concerning FHIT, telomerase, and erbB-2, as well as the intricacies of the cell cycle and angiogenesis. Lung cancer immunology and gene 
therapy are completely updated, and the newest elements of genetic susceptibility are included as a separate chapter. Technical changes, even in processing 
material for molecular evaluation are discussed, as is the use of these techniques in defining preneoplasia at the chromosomal$PI$shgenetic level. Obviously, this 
requires that both biologic staging and morphologic/pathologic staging be discussed separately. There is a greater emphasis on screening and prevention for early 
disease, as well as the management of the elderly with lung cancer. The explosion of new cytotoxic agents for lung cancer and their interaction with radiation therapy 
is given a prominent role in this edition. Palliation is discussed again as a separate section, but a new discussion of cost-effectiveness of lung-cancer therapies 
reminds us of the economic realities of this problem.

The editors cannot emphasize enough the attention to detail and the cooperation shown by the contributing authors. All are experts who have made contributions to 
the study of lung cancer and the care of the lung cancer patient.

The editors would also like to express their gratitude to Lippincott Williams & Wilkins, specifically Stuart Freeman, who was always supportive of this effort, and Tanya 
Lazar, whose skillful coordination between contributors, editors, and Lippincott kept the project moving without incident.

Lung Cancer: Principles and Practice is intended to provide both the practitioner and the trainee with a reference source that will be useful in those moments of 
frustration in dealing with this disease. The editors' most profound wish is that the material presented will stimulate other investigators to join in the fight against lung 
cancer, so that future editions will describe therapies that will move the survival curves upward and towards the right.

Harvey I. Pass, MD
James B. Mitchell, PhD
David H. Johnson, MD
Andrew T. Turrisi, MD

John D. Minna, MD



1 GENERAL CONCEPTS OF MOLECULAR BIOLOGY RELATED TO LUNG CANCER

Lung Cancer: Principles and Practice

 1  

GENERAL CONCEPTS OF MOLECULAR BIOLOGY RELATED TO LUNG CANCER
MARY J. MULLIGAN-KEHOE

ANGELO RUSSO

DNA Structure
Transcription
 Prokaryote Transcription

 Eukaryote Transcription

 Posttranscriptional Processing Events

Translation
 Ribosome Structure

 Initiation Complex

 Elongation

 Termination

 Regulation of Translation

 Protein Modifications

 Protein Localization

Cancer Defined as Unregulated Transcription/Translation
Techniques in Molecular Biology
 Cloning Vectors

 Restriction Endonucleases

 Libraries

 Transfection

 Identification and Analysis of DNA

 Nuclease S1 Protection Assay

 Nuclear Run-On

 Single-Stranded Conformation Polymorphism (SSCP)

 Antisense

 DNA Sequencing

 Reporter Genes

 DNA Amplification: Polymerase Chain Reaction (PCR)

 Transgenic and Knockout Technology

Microarray Chip Technology
Glossary
Chapter References

Molecular biology has assumed a preeminent role in biomedical research. The rapid ascension of molecular biology has occurred because it provides a solid 
framework for explaining and extending biological phenomena that were previously only observable. Certainly there continues to be a descriptive approach to biology, 
but more and more these descriptions are fashioned in molecular terms. Furthermore, molecular biology extends into so many fields of study because the methods 
employed are relatively straightforward, easily learned, and rapidly applied. Upon opening any biological or medical journal one quickly sees that molecular biology 
methods are being applied to all biological sciences. Minuscule quantities of potentially short-lived biomaterials can be amplified, isolated, studied, and subsequently 
perturbed and reevaluated. Within this chapter we emphasize the molecular biology of gene regulation and expression because we fundamentally believe that lung 
cancer occurs as a result of deregulation of normal gene expression. We also provide a compendium that defines and explains frequently used terms and illustrates 
the common methods employed by those who apply molecular biology to the study of lung cancer.

DNA STRUCTURE

Cellular function and structure are predetermined by the genetic profile of the cell. Although viruses are capable of archiving genetic information as ribonucleic acid 
(RNA), single-stranded (ss) deoxyribonucleic acid (DNA), or double-stranded (ds) DNA, prokaryotic (nonnucleated) and eukaryotic (nucleated) cells store genetic 
information within dsDNA.1 Upon isolation and purification of DNA, one finds that it is formed from two purine nucleotides, adenine (A) and guanine (G), and two 
pyrimidine nucleotides, thymidine (T) and cytosine (C) ( Figure 1.1).2 Single-stranded DNA is a linear biopolymer resulting from covalent phosphate diester bonds 
between the deoxyribose sugars of the nucleotides. The hydrogen bonding between two ssDNA molecules results from individual As of one chain bonding with Ts of 
the other chain, likewise for the Gs with Cs ( Figure 1.2). Consequently, in dsDNA the percentage of A always equals T, and likewise G equals C. Each nucleotide of 
the individual single strand inclines approximately at a right angle to the axis of the deoxyribose backbone. As the nucleotides project toward one another and wind 
about the axis of the backbone, they overlap to greater or lesser degrees, and as such there is an additional stability to the structure that results from Van der Waal's 
stacking forces. Approximately ten nucleotides form each 360-degree turn of the biopolymer. The hydrophilic phospho-sugars within the backbone establish major 
contact with the water environment of the cell, and the pendent nucleotides bind the two chains together and create a more hydrophobic interior. The macromolecular 
structure formed from such an arranged paired of ssDNA molecules, running in opposite directions, is a right-handed, antiparallel, double helix ( Figure 1.3).3,4 and 5 As 
is seen in Figure 1.3, in addition to the above structural characteristics, the double helix has a major and a minor groove.

FIGURE 1.1. The four nucleotides that form DNA. Note the formal nomenclature for the deoxynucleotides. In common usage these are referred to as adenosine, 
guanosine, thymidine, and cytidine. These nucleotides are composed of nucleoside bases and deoxyribose sugars.



FIGURE 1.2. The nucleotides are shown to demonstrate the hydrogen bonding between nucleotides. Note that adenine and thymine share two hydrogen bonds, 
whereas guanine and cytosine share three hydrogen bonds.

FIGURE 1.3. Double-stranded DNA is presented in its double helical form. The horizontal lines represent hydrogen bonding between the nucleotides within each 
single-stranded DNA molecule. The major and minor grooves of the helix are depicted with arrows.

One might assume that the double helix is a monotonous set of deoxyribonucleotides winding about a central axis, and the information stored within this string of 
nucleotidyl bases is but a simple alphabetic display which can be represented by a long piece of thin tape having an extensive display of doublets of As and Ts or Gs 
and Cs. This is not the case. The helix is conformationally flexible or polymorphic as a result of the local nucleotide sequences. The actual twist and bend of the 
helical structure may change as a function, for instance, of the A to T ratio. A homopolymer of A/T has a twist of approximately 36 degrees per base step or ten bases 
per turn of the helix, that is, the helix is overwound relative to an average of 34 degrees per base found in random-sequence DNA. 6 Moreover, if one considers the 
actual nucleotide sequence, for instance A:T pairs that are binding from the individual ssDNA through two hydrogen bonds, then there is, when compared to G:C pairs 
that have three hydrogen bonds, a greater chance that the individual A and T will be slightly twisted relative to the right-angle plane of the axis of the helix ( Figure 
1.4). The result of A and T being potentially positioned slightly out of the plane is local distortion and/or stress in the helical structure. If nucleotide sequences repeat 
at a frequency corresponding to the helical periodicity, that is, approximately every ten bases, it becomes even more apparent that local structure can function to exert 
bending forces on the helical structure. 7 The nucleotide sequences can and do influence the depth and width of the major or minor grooves, and the depth and width 
of the grooves may determine if or how effectively a protein binds DNA. Therefore a DNA-binding protein may not recognize just a linear sequence of bases, but local 
environment as well. This means that not only do nucleotides code for specific amino acids, but also that the sequence of nucleotides encodes local topological 
information that may have profound implications on DNA-protein interactions or intracellular conduction of transduced signals or may simply the ease by which DNA 
unwinds, which in itself may affect recombination or replication or transcription.

FIGURE 1.4. In (A) the nucleotide bases within DNA are represented schematically as two parallel bases. In (B) the bases are slightly twisted and consequently they 
are no longer parallel.

The double-helical DNA contains all the cell's genetic information, that is the genome. A bacterium's genome is composed of one linear dsDNA structure 
(chromosome) and is measured in the millions of nucleotides; whereas eukaryotic genomic dsDNA is composed, for the most part, of many individual chromosomes, 
each composed of 107 to greater than 108 nucleotides. In bacteria there are no DNA-binding histone complexes. The DNA is not compacted; it is spread generally 
throughout the central aspect of the cell in a structure which contains no nuclear membrane and is referred to as a nucleoid shape. 8 In contrast, eukaryotic 
chromosomal DNA is within a nuclear envelope and, for the most part, is highly compacted around histone protein complexes that are further compressed. 9 A 
consequence of this fundamental difference in storage of information is that bacteria are more readily able to access DNA either to duplicate or to decode genetic 
information than are eukaryotes. The genome of a eukaryotic cell can therefore be viewed as an encrypted genetic archive made of sequences of linear arrayed 
nucleotides existing in a double helix, and the helix is further structured by virtue of bends and torsions and by winding around histone core protein complexes that are 
capable of assuming yet higher organizational structures.

TRANSCRIPTION

The array of nucleotides contains specific signals that allow proteins access to sites to start genomic duplication (origin of replication) 10,11 or gene transcription.12,13 and 
14 Transcription—copying DNA in an RNA form—of a gene is always started at the 5' portion of the gene. In bacteria the nucleotide sequences containing information 
for gene transcription are streamlined. The nucleotide sequence coding for a specific gene product (a polypeptide or RNA) is composed of a promoter region followed 
immediately by a gene. In some cases the gene is transcribed as a single unit of RNA. In other cases the promoter is followed by a sequence that results in 
transcription of multiple, juxtaposed, metabolically related genes. 15 The gene(s) in the DNA is transcribed into an exact complementary single strand of RNA that is 
usually translated into a polypeptide. This is the operon model of gene expression that is used by prokaryotes. 16,17 It is simple and exceedingly efficient. As 
messenger RNA (mRNA) destined to be translated into protein is being synthesized, it is immediately tethered to a ribosome, 18,19,20 and 21 wherein triplets of nucleotides 
(codons) of the mRNA sequences22 are translated by aligning with a triplet nucleotide structure (anticodon) within an amino acid carrier molecule, transfer RNA 
(tRNA), which is positioned in the ribosomal structure. Rapidly thereafter the amino acid charged tRNA transfers its specific amino acid to a growing polypeptide 
chain. Each successive codon is translated by positioning another tRNA, until the stop codon is reached, whereupon the process of translating RNA into protein is 
completed. In the bacteria translation begins while the mRNA is being synthesized. 23 In fact, the amino terminal portion of a protein—that which corresponds to the 5' 
segment of the gene—is frequently being synthesized while the 3' segment of the gene is being transcribed. For bacteria, speed of gene expression is facilitated by 



such an efficient means of protein synthesis.

Prokaryote Transcription

In bacteria, a rather simple promoter sequence is the DNA determinant for the site of initiation of gene expression. The promoter is always in front (5') of the gene. It 
usually has a TATA-box lying ten nucleotides 5' of the start of transcription, that is, –10 nucleotides form the transcriptional initiation start site ( Figure 1.5). Usually 
directly upstream of the TATA-box is the region where proteins can bind to DNA to either repress or stimulate synthesis. 24,25 Transcription begins when an open 
TATA-box or promoter element is recognized by one of a set of alternative protein transcriptional factors, s, that binds to a multi-subunit RNA polymerase core 
enzyme (E)—composed of bb'a2—to form the transcriptional complex holoenzyme (Es).26 The structure of bb'a2 is triangular, with bb' forming the two sides and a 2 the 
base.27,28 s-factor fits in the middle of the triangle and makes contact with the TATA-box element. E without a s-factor has the characteristics of nonspecific binding to 
DNA and has the capability of synthesizing long pieces of RNA from nicked DNA or single-stranded DNA. When a s factor binds to the core enzyme it effects a 
conformational change in E. 29 With this conformational change, Es no longer binds DNA nonspecifically but rather recognizes specific promoter sites and initiates 
transcription from the start site, that is, s changes E to an initiation-specific RNA polymerase. The s-factor appears more than just to change the conformation of the 
core enzyme in order to allow it to bind the –10 TATA-box site, it also allows the holoenzyme to interact with the DNA approximately two turns more 3' or 5' to the –10 
site, that is, in the vicinity of –35 relative to the initiation origin. Once Es binds to the promoter region at the TATA-box, the closed complex is formed in which the RNA 
polymerase is bound to the DNA, but the DNA has not started to unwind. Since hydroxyl radicals are highly reactive species that will damage any exposed DNA, they 
have been used to demonstrate that in the closed-complex state, RNA polymerase protein complex protects the DNA from hydroxyl radical-induced base damage on 
one side of the helix by virtue of partially enwrapping the DNA. In the open complex it appears as if the DNA is completely enwrapped and both sides of it are 
protected.30,31 This implies that in the closed complex, the initiation complex rests on only one side of the DNA, whereas in the open complex the DNA is surrounded 
by the initiation complex. As the DNA unwinds there is separation of the two strands to form a “bubble,” 32,33 and thereby to allow Es to align incoming ribonucleotides 
with the corresponding coding strand of DNA and to start synthesis of a complementary nucleotide polymer in an RNA format; that is, transcription begins. When the 
RNA polymerase complex proceeds past the initiation site—approximately ten nucleotides beyond the start site—the s detaches from the core enzyme structure, and 
elongation of RNA commences and continues until, and beyond, the gene or operon terminus, whereupon E dissociates from the DNA, and the mRNA continues to be 
translated.34,35,36 and 37 The selection of individual promoters to be transcribed is determined by the concentration of individual s-factors which are in competition with 
one another. The s70-factor is the most abundant of the s-factors in Escherichia coli (E. coli). In general, s70 recognizes the most commonly employed promoter 
element in bacteria; the TATA-box sequence. As s 70 concentration decreases, there is greater utilization of other promoter-specific s-factors, which in turn results in 
transcriptional selection of more specific genes. 38,39 In general, transcriptional regulation of housekeeping genes is controlled by the concentration of a specific s. 
Most recently, another aspect of s concentration regulation has been found in which anti-s-factors bind specifically to specific s-factors to regulate the available 
concentration of s-factors available to initiate transcription. 40 In bacteria, once the mRNA is synthesized, its lifetime is measured in minutes, usually being degraded 
immediately after being translated. This is not necessarily the case for eukaryotic mRNA.

FIGURE 1.5. Contrast the construction of a bacterial gene containing three tandem genes with that of a mammalian gene which has an initiation element (INR), 
exons, and intervening introns.

It should be recognized that a bacterium is a single-cell organism that sustains itself, for the most part, by multiplying at a faster rate than its competitors. Therefore, 
rapid doubling times demand ready access to the DNA for duplication and transcription. Regulation of transcription is essentially minimalistic, with on and off switches 
being controlled by accessibility to the promoter by the transcriptional complex containing RNA polymerase. Models of prokaryotic transcription envision the RNA 
polymerase complex being bound to dispersed DNA awaiting a signal to permit synthesis. Gram-negative E. coli's cytoplasm is surrounded by an envelope composed 
of two membranes having an intermediate zone called the periplasmic space. The bacterium must therefore direct proteins to the cytoplasm, the inner or outer 
membrane, and the periplasmic space and react to its environment by quickly transducing messages directly to the DNA. Consequently, bacteria have trafficking 
signals (amino acid sequences that direct a protein to a specific site) and have specific pores for entry of substrates that will be metabolized by or interact with 
macromolecules. The bacterium must utilize nutrients efficiently and therefore be able to activate quickly a set of proteins that metabolize a specific substrate (gene 
arrangement in an operon facilitates such an existence) and subsequently suppress the synthesis of unnecessary proteins. It is the rule that repressed on/off 
promoters remain so until they are needed or until s-factors are produced or activated as a result of adaptive stress. The entire life process in molecular biologic terms 
is efficiently fast because life depends on the ability to take advantage of the environment by multiplying and thereby replicating and producing proteins and other 
needed metabolic products faster than competing rivals.

Eukaryote Transcription

Although eukaryotes have comparable macromolecular structure to the bacterium, the higher eukaryotic cells for the most part are much more elaborate than bacteria 
by virtue of cellular structure and function. In eukaryotic cells, rapid multiplication is not usually the life-sustaining issue; controlled growth in concert with other cells is 
paramount. Deviation from concerted growth patterns results in unfavorable consequences. Stated differently, loss of regulatory control of any cell within a 
multicellular organism may have untoward effects, such as death of the cell or worse, and more threatening to the entire organism is development of cancer and 
subsequent death of the entire organism. Consequently, a universal theme in the molecular biology of higher eukaryotic cells is regulation that depends upon skillfully 
arranging elaborate networks to modulate an individual cellular function.

Chromatin Structure

For mammalian cells the important cellular function of transcribing information from DNA becomes much more complex than that described for prokaryotes. In fact, the 
entire genome is larger and more elaborate and more regulatory controls are manifest in both the DNA interacting proteins as well as, or maybe because of, the DNA 
structure itself. As noted above, the bacterial genome is, for the most part, set for rapid access and utility; whereas the mammalian genome, for the most part, is 
compacted into defined structures that may be bound to the nuclear membrane and other intranuclear matrix filamentous structure. Before a sequence of DNA (gene) 
can be transcribed, it must be exposed. The chromatin structure of eukaryotic cells is composed of a basic structure, the nucleosome. 41 Core nucleosomes contain 
approximately 146 base pairs wrapped twice around a core octameric histone protein complex ( Figure 1.6). The core of the histone octamer is constructed from a 
central tetramer composed of two H3 and two H4 histones in continuity on each side with two heterodimers of histone H2A and H2B. This fundamental nucleosomal 
structure has a 7-nm diameter and when viewed by electron microscopy has the appearance of beads that are linked to one another by threads of nonnucleosomal 
DNA. In higher eukaryotic cells the core nucleosomes can then associate with H1 histone, which can then result in a more elaborate compacted display in which the 
individual nucleosomes are wound together in a structure that results in further compression of the chromatin into a 30 nm structure. The 30 nm fibers can then be 
further organized into a more compact structure by interacting with nonhistone proteins to result in a highly compressed genome. 9,42,43,44 and 45 As would be expected 
from the nucleosomal structure, there would be limited access to an embedded mammalian gene within the highly compressed chromatin structure. Even in the state 
where the chromatin has been decompressed to the individual nucleosomal complex, the face of the DNA that is in contact with the internal histone octamer is not 
accessible to activator proteins. Stated differently, proteins that do interact with the nucleosomal DNA must do so by interacting with only the outer surface of the 
DNA. Initiation sites that are enwrapped within the nucleosome cannot be accessed by, nor accommodate a transcriptional complex. One can only conclude that the 
very structure of chromatin is acting in a regulatory sense as a suppressor. Experimental proof of chromatin repression is difficult, yet Straka and Horz were able to 
show just that.46 In yeast, a lower eukaryotic cell which does not have H1 histone but does form nucleosomes, there is chromatin structure made of histones that are 



highly homologous to that in higher eukaryotes. Expression utilizing PHO5, a yeast gene that remains suppressed until there are low phosphate levels in the medium, 
is known to be highly responsive to the phosphate status of the environment. The activator response elements are structured in two upstream activating sites (UAS) 
which are the equivalent of enhancer elements in higher eukaryotes. In vivo basal expression of PHO5 is negligible until it is induced. The UAS and promoter 
elements are thought to be embedded in nucleosomal structure. A mutant having the H4 gene deleted from both chromosomes and a galactose conditional episomal 
(not part of the genomic DNA) copy of H4 was constructed. When galactose is the food source, H4 is induced in ample quantities; however, when glucose is 
substituted for galactose, H4 synthesis immediately stops. Glucose-fed cells do not assemble new nucleosomes as they go through the DNA replicative or synthesis 
phase (S-phase). As a result of not having new nucleosomes and therefore having PHO5 in a spread out or accessible state, PHO5 expression increased dramatically 
in the absence of any specific induction—a clear example that demonstrates that the nucleosomal structure functions as a suppressor element.

FIGURE 1.6. A: the core nucleosome, which is 7 nm in diameter, composed of a tetramer of histones with two loops of the DNA strand wrapped around the outermost 
aspect of the histone tetramer. B: the “beads on a string” arrangement of nucleosomal DNA.

DNase I hypersensitivity assays47 show that chromatin structure is loosened when there is active gene synthesis. Furthermore, data acquired from transfection 
experiments with the b.-globin gene show that a DNA locus control region (LCR) that resides greater than 50 kilobases upstream of the transcriptional start site is the 
primary regulator that institutes relaxation of heterochromatin structure within the domain that contains the globin gene cluster and exposes the region to DNase 
hypersensitivity.48,49 When the LCR is deleted, the domain becomes DNase I resistant and gene expression is down-regulated. The chromatin is tethered to the 
nuclear matrix attachment sites (MAR)50 at both the 5'- and 3'-ends of the domain that contains the gene or gene cluster ( Figure 1.7). These domains, moreover, may 
have certain DNA sequences which limit the effect of accession by activators or conformational changes that would result from LCR-like elements. In Drosophila 
melanogaster, the heat shock genes are clustered in a domain that has demarcating sequences ranging in size from 200 to 350 bases called specialized chromatin 
structures51,52 and 53 that function to limit the spreading of chromatin conformational changes to adjoining genes, that is, loosening and DNase hypersensitivity, that 
occur when a gene is activated.

FIGURE 1.7. A portion of chromosomal DNA is represented by a line structure. The hashed marks denote varying lengths of DNA. The matrix attachment region 
(MAR) in a DNA sequence is associated with increased levels of AT and is also attached to the nuclear matrix. DL denotes a delimiting sequence that stops 
propagation of transcription; EN denotes enhancer elements; PRO is the core promoter; and EX is the abbreviation form of exon.

Such observations demonstrate that unlike bacteria, mammalian cell promoter construction is not simply an “on/off” switch composed of a few tens of nucleotides 
positioned immediately before the gene to be synthesized. The very definition of promoter becomes one that has to encompass a sequence structure that may be 
composed of multiple different enhancer or repressor elements (nucleotide sequences that interact with protein or in some manner change the structure of the DNA) 
that can be vast distances in front of or behind or, for that matter, within the gene to be transcribed. There are specific sets of intranuclear proteins whose function is 
to acetylate histones within the nucleosomal structures. The acetylated histones allow greater access to DNA-binding proteins. In general, histone structure without 
acetylated groups results in compaction of DNA structure; whereas acetylated histones loosen up DNA structure for access by protein complexes to the DNA so that 
the myriad of events that are requires for transcription and replication and repair may occur. 54

The picture that develops from such a paradigm of gene construction is one which shows that gene regulation begins by a set of commands that controls opening and 
shutting of entry to heterochromatin (Figure 1.8). Such a view would further allow one to appreciate that the complexity resulting from the presence of many regulatory 
elements built into the promoter can provide numerous places for concerted control of gene expression. If the repressor or enhancer proteins that bind to specific 
elements within the DNA or DNA sequences themselves acting as structural elements are thought of as keys that either lock or unlock embedded DNA sequences, 
then an expanded view of the eukaryotic promoter construction would be considered necessary to provide insight into how access to and transcription of the gene is 
selectively accomplished. Therefore, the potential of having to open heterochromatin in response to stimulatory signals in a eukaryote would be expected to be 
relatively slow, but speed is sacrificed for control. Furthermore, if a segment of DNA is opened or partially opened by a set of response elements, then, in a eukaryotic 
cell, DNA accessibility could be thought of as being preset by a cascade of DNA-interacting proteins, such as hypermobility group (HMG) proteins, 55 without there 
necessarily being an immediate gene expression response or, for that matter, expression at all unless subsequent signals are received.

FIGURE 1.8. Denotes the cascade of events that starts at condensed heterochromatin and ends with synthesis of the gene product: the polypeptide.



Once the DNA is loosened, there is a requirement that different sets of proteins must interact with the DNA before transcription begins. Unlike in bacteria, eukaryotes 
do not utilize one RNA polymerase core enzyme complex for synthesis of all genes; rather there are three specific RNA polymerases which, as a consequence of their 
order of elution from a chromatography column, are designated RNA polymerase I, II, and III. RNA polymerase I is responsible for the transcription of ribosomal 
preRNA 45S,56 RNA polymerase III transcribes all tRNA and 5S RNA and like genes,57 and RNA polymerase II transcribes, among other genes, all genes responsible 
for proteins that are made in the cell. The RNA polymerases can be distinguished biochemically on the basis of their inhibition by a-amanitin (RNA polymerase I is not 
sensitive, II is sensitive, and III may or may not be inhibitable, depending on the species). Type II genes are those genes that are transcribed by RNA polymerase II.

Promoter Region

Expression of type II genes is highly regulated at all levels, but the greatest degree of regulation occurs at the transcriptional level. It follows naturally that the 
construction of the promoter sequence and the enhancer or inhibitory elements associated with the promoter are of primary importance in regulation of gene 
expression. A core or minimal promoter may, then, be defined as one that does not contain binding sites for sequence specific factors; rather it contains elements that 
interact with general transcriptional factors (GTF) and transcriptional-associated factors that are required for basal transcription ( Figure 1.9).58,59 and 60 The core or 
minimal promoter in higher eukaryotes has at least one of two distinct elements that affect transcription: the initiation (Inr) element 61 which encompasses the site of 
transcriptional initiation and, at –30 relative to the start site, an AT-rich element of which the TATA box is the cognate or consensus sequence. 25,62,63 All promoters 
examined to date have at least one of these two elements. In referring to a promoter and its related gene, +1 is the start site for transcription, those nucleotides that 
follow the start site are—reading left to right—consecutively numbered +2, +3, . . ., + N, and those nucleotides that precede the initiation site are numbered from right 
to left, –1, –2, . . ., –N. There is no zero.

FIGURE 1.9. The core promoter is depicted by curled brackets. The horizontal line denotes double-stranded DNA having a TATAA box, transcriptional initiation 
element (INR), and a downstream gene.

Transcriptional Factors

There are at least seven general transcriptional factors (GTFs) which have been defined to date. They are named transcriptional factor TF, IIA, IIB, IID, IIE, IIF, IIH, 
and IIJ.64 Of these, only TFIID interacts with DNA independent of the other factors. TFIID recognizes and binds most tightly to the TATAA consensus sequence –30 to 
–25 nucleotides relative to the start site ( Figure 1.10). Within TFIID there is a TATA-binding protein (TBP) and at least seven other associated factors called 
TBP-associated factors (TAFs) having molecular weights of 250, 125, 95, 78, 50, and 30. 65,66,67 and 68 TBP, as would be expected from its name, is the subunit within 
TFIID that specifically binds the TATA-box element. 69 Moreover, TBP also participates in RNA polymerase I and III transcription. 70,71 Human recombinant TBP is a 38 
kD protein whose crystal structure shows it to be a saddle-shaped protein. 72 Most sequence-specific transcriptional activator and inhibitor factors recognize elements 
by binding to nucleotides within the major groove of the DNA, but TBP binds within the minor groove and severely distorts and opens the minor groove. 73,74 The avidity 
of TBP is greatest for the consensus TATAA but it does bind to lesser degrees to other AT-rich sequences in the –30 to –25 area. The decrease in binding to 
sequences that diverge from the consensus sequence may be a means of regulation. TBP binds to a small sequence of bases in the vicinity of –30; however, the 
holo-TFIID rests on nucleotides from –30 to +10. Moreover, TBP does not have to interact directly with RNA polymerase for there to be basal transcription, yet there is 
evidence to support that TFIID does directly interact with the carboxy or C-terminal domain (CTD) of the largest subunit of RNA polymerase II to increase the 
frequency of initiation of transcription. 75 Furthermore, TBP is not affected by sequence-specific activator-dependent transcription, but TFIID, that is, TBP with its 
associated TAFs, has been shown to interact with such factors. This implies that activators can bind to the TAFs and thereby enhance transcription by nucleating the 
promoter with TFIID at the –30 site.76,77 Furthermore, the TAFs, by associating with TBP, probably determine the binding efficiency by which TBP binds to AT-rich 
sequences that have diverged from the consensus sequence.78

FIGURE 1.10. Demonstrates the cascade of transcriptional activation by the transcription factors (TF) for RNA polymerase II (Pol II). The TATAA box is -30 bp 
upstream from the transcription start site denoted by 0. TBP stands for TATA-binding protein. Pol IIA is the closed form of RNA polymerase II and Pol IIO is the open 
form of the RNA polymerase II.

Once TFIID associates with the TATA element, there is an ordered assembly of the other transcriptional factors. TFIIB associates with TFIID that has already 
associated with DNA to form the DB complex (TFIID-TFIIB complex).79,80 TFIIB, like TBP, may be a sequence-binding cofactor that senses sequences immediately 
upstream of the TATA box and contributes to the evolving transcriptional complex. 81 TFIIB interacts with both RNA polymerase and TFIID and is probably responsible 
for the spacing between TFIID and RNA polymerase which allows for site-specific initiation of transcription. In addition to TFIIB directly interacting with TFIID, TFIIA 
associates with the DB complex to form the DAB complex.82 Although there is controversy regarding the essential role of TFIIA in formation of the preinitiation 
complex, TFIIA does seems to function as an anti-inhibitor by preventing TFIID from being inhibited; consequently, TFIIA stimulates initiation of transcription. 83 TFIIB, 
in addition to its other function, may also interact with element-specific activators. 84 Once the DAB complex forms, then TFIIF (RAP30/74), along with RNA 
polymerase, associates with the DAB complex and binds to the DNA at the transcription initiation site (Inr). 85 Besides its role in binding to the DAB complex, 
RAP30/74 functions like bacterial s, in that the heterodimer binds to RNA polymerase in solution and prevents nonspecific DNA binding by RNA polymerase II. 86,87 
Unlike s,70 TFIIF does not directly bind to DNA; however, within the context of the preinitiation complex, TFIIF may bind to the Inr element. TFIIE then associates with 
the preinitiation complex to increase stability of the initiation complex by promoting binding of RNA polymerase to the Inr element. 88 Along with binding of TFIIE is the 
binding of TFIIH,89 which promotes productive binding of the preinitiation complex. TFIIH is a complex transcriptional factor composed of at least five subunits (95–35 
kD polypeptides)90 that have, among other functions, ATPase, CTD kinase, and DNA helicase activity. 91 Each of these functional components are essential for RNA 
polymerase II to proceed beyond the initiation site. That is, ATPase activity is necessary for there to be energy for the RNA polymerase to activate. The CTD kinase 



activity is absolutely required for the RNA polymerase II to switch from the unphosphorylated (IIA) 92 and therefore nonelongating polymerase to the highly 
phosphorylated (IIO)93 RNA polymerase II that elongates or proceeds with transcription. It is obvious that in order for there to be transcription from one of the strands 
of the double-stranded DNA, there is a requirement for helicase, that is, unwinding of the DNA. So once the DBPo1F complex is formed, then TFIIE associates with 
the complex, followed then by TFIIH, TFIIJ. TFIIS may be analogous to prokaryotic Nus A, which functions as an anti-terminator. 94 When transcribing RNA 
polymerase comes to a pause site, TFIIS, by functioning to remove several nucleotides from the 3'-end of the nascent RNA, allows for “relocation” or backward 
movement of the RNA polymerase by several nucleotides and then for RNA synthesis to recommence.95,96 and 97 The human retroviruses HIV and HTLV express 
anti-terminators, TAT and TAX respectively, which promote transcriptional elongation early in transcription by specifically binding the transcribed RNA so that 
termination of transcription is aborted. 98 Both TAT and TAX either directly interact with the transcriptional complex through space because they bind elements on the 
RNA which are free of the RNA polymerase complex and, therefore, not associated with DNA, or they indirectly promote transcription by interacting through adaptor 
proteins. In either case, the sum effect of these viral proteins is, like TFIIS, continuation of transcriptional elongation. The preinitiation complex has an aggregate 
molecular weight of greater than 3.2 million dalton and is composed of greater than 32 proteins. All of this care is involved in setting up the core apparatus for RNA 
polymerase II to begin transcription. Purified pol II transcribes about 300 nucleotides per minute; whereas in vivo the pol II complex transcribes about 2,000 
nucleotides per minute. The discordant rates probably result in part from the delay in movement of the initiation complex from the initiation start site. Yet the pol II 
complex, once moving, encounters multiple impediments to smooth and rapid elongation, for example, the nucleosome structures. There are families of elongation 
factors that modulate the rate of transcriptional progression. Factors such as TFIIF, ELL, SII, SIII, P-TEBf, FACT, and HSF1 have been shown to be involved in 
changing the rate of transcriptional elongation. 99,100 In fact, the B-C component of SIII has been shown to interact with von Hipple-Linau (VHL) tumor suppressor 
gene.101

As mentioned previously, bacterial RNA polymerase core enzyme is composed of four subunits. In the case of mammalian RNA polymerase II, there are at least ten 
subunits ranging in molecular mass from 10 to 240 kD.102 The two largest subunits of RNA polymerase II that are thought to be involved in nucleotide and DNA 
binding have homology that persists from the bb' of E. coli, through yeast, into Drosophila and higher mammals.103,104 The large subunit of RNA polymerase II has a 
unique heptad repeat unit, Tyr-Ser-Pro-Thr-Ser-Pro-Ser, which is not present in RNA polymerase I or III. 105,106 In mice and humans the heptad repeats 52 
times.102,107,108 Genetic deletion of more than half of the heptads from the large subunit is lethal. As stated above, the heptad phosphorylation or the transition from the 
RNA polymerase IIA to the phosphorylated IIO form is a potential regulatory point that serves to transform the preinitiation complex to the active transcriptional 
complex.

In yeast, the TATA box may be anywhere from –40 to –100 nucleotides upstream of the start site of transcription, and the orientation of the TATA sequence is strict. 
This is not the case for higher eukaryotes. In fact, in higher eukaryotes there are promoters that do not contain TATA boxes or AT-rich regions approximately –30 to 
–25 nucleotides upstream from the start site. 61,109,110 and 111 These TATA-less promoters are divided into two classes; those with GC-rich promoters which are 
associated with housekeeping genes, 112 and several upstream sequence-specific SP1 sites. 113 For the TATA-less promoters, the Inr element is a weak consensus 
sequence of A at the +1 site and C at the –1 site and T at +3 with preferentially pyrimidine bases upstream and downstream of these sequence elements. 114 It is 
possible that the Inr sequence is recognized by a specific Inr-binding protein, and it is this protein which nucleates the ordered assembly of the transcriptional 
factors.60 So even within these TATA-less promoters, the TFIID transcriptional factor containing the TBP is required for transcription; however, in this case the binding 
may be effected through adaptors or tethering factors which are probably one of an array of alternative TAFs that has been positioned by either the Inr-binding protein 
or sequence-specific activators (above). 84

Regulatory Elements

The line between what is the promoter region and what is the enhancer region in eukaryotic genes is blurred. The trend is to consider the core promoter as the 
sequence just upstream and through the Inr sequence, and the rest of the elements that modulate transcription are referred to as the regulon or some such name that 
connotes transcriptional regulatory function. Since many genes can be regulated by proteins that interact with DNA upstream, within, and downstream of the 
transcriptional unit of the gene, description of regulatory elements will be restricted to the more common elements usually found upstream of the Inr element. By no 
means do we mean that the other elements are not important for efficient transcription of any individual gene. Moreover, specific regulatory elements within higher 
eukaryotes are not necessarily directionally dependent, nor is it uncommon to find that one element will be repeated several times or that multiple elements will be 
employed within a given regulatory region, that is, the regulatory elements are modular, and all of the elements can be coordinated as a functional unit. 
Eukaryotic-regulating proteins or enhancer-element-recognizing proteins must interact with a specific sequence within the extended promoter and additionally interact 
with other sequence-specific recognition proteins or the transcriptional factors themselves ( Figure 1.11).115 In vitro the activator molecules typically enhance 
transcription by two- to five-fold; however, in vivo the activators can enhance transcription by a thousandfold. In contrast to TBP, typically transcriptional activators 
recognize specific elements and bind to the nucleotides within the DNA sequence through the major groove. These regulatory proteins frequently consist of more than 
one protein subunit. The interplay of these regulatory proteins with one another and with DNA for the most part determines the tissue specificity and timing and 
frequency of gene transcription.

FIGURE 1.11. Demonstrates a negatively charged transcription factor (TF) binding to an enhancer element on double-stranded DNA that is forming a looped 
structure. The transcription factor may, by virtue of its charge and position, act in assisting the position of TFIID which is positively charged and contains the 
TATA-binding protein and is also binding with TFIIA (A) and TFIIB (B). F, H, J, E, and S denote TFIIF, H, J, E, and S. Pol IIA is the closed complex of RNA 
polymerase II.

The CCAAT-box is an element that is frequently found in promoters approximately 75 bp upstream of the start site. 116 Multiple factors from different species bind the 
CCAAT element. Among those are the CCAAT-binding factor, CBF, which is a heterodimer, 117 CP1 functions in a-globin gene, CP2, which is g-fibrinogen activating, 118

 CDP, which may function to displace CCAAT-binding factors, 119 which is analogous in function to NF-E that down-regulates fetal globin synthesis, 120 CCAAT 
transcription factor (CTF/NF-1), 121 CCAAT-enhancer binding factor (C/EBF),122 and others.123,124,125,126 and 127 The important thing to be learned from the CCAAT-binding 
factors is that given such an array of different binding proteins with possibly different preferences for the CCAAT element or mutations from the consensus sequence, 
regulation based on binding the same element may provide exquisite tissue and chronologic modulation of gene transcription.

The octamer element, ATTTGCAT, is another ubiquitous regulatory element which is usually bound by the Oct-1 factor and is an element module in promoters for the 
H2B histone,128 U2 snRNA,128 SV40 promoter,129 g-globulin, and major histocompatibility HLA-DQb. genes. 130 The octamer element in lymphoid tissues regulates 
g-globulin synthesis and illustrates that a tissue-specific factor (Oct-2) recognizes the general octamer element, whereas Oct-1 does not function as a g-globulin 
regulatory protein. 131 Here is a clear example of tissue-specific gene regulation by tissue regulatory factor expression.

The GC-rich Sp1 element has a consensus sequence of GGCGGG and is found within the six 21 bp repeat units of SV40 early promoter. 113,132,133,134 and 135 The Sp1 
element is a frequently used motif within numerous genes, including the monocyte chemo-attractant protein-1, 136 TGF-b.,137 thymidylate syntase,138 and apolipoprotein 
E,139 among others. Sp1 is a heterodimeric structure composed of 105 and 95 kD subunits which seems to function as a single unit without subset subunit mixing to 
other factors.140 Modulation of regulation from the Sp1 element is usually in concert with other regulatory factors or possibly, as discussed above for TBP, the 



degeneracy of the element away from the consensus sequence may be a means of altering affinity and therefore modulating enhancement.

Since higher eukaryotic cells must regulate protein expression in the context of the entire organism, it is not surprising that molecular communication between cells 
results in transcriptional modulation. To that end, it is not surprising that there are transcription factors that are responsive to hormones and to membrane receptor 
stimulation. The hormone response elements interact with the steroid/thyroid superfamily transcriptional factors, which include estrogen, androgen, glucocorticoid, 
mineralocorticoid, vitamin D, retinoic acid, thyroid, and other orphan receptors. 141,142 and 143 The action of the family of transcriptional factors is superficially reminiscent 
of bacterial activators and repressors in that the ligand (hormone) interacts with the intranuclear receptor, which subsequently results in a conformational change in 
the receptor that facilitates DNA binding and transcriptional activation or repression. The hormone receptors act as dimeric structures, either in a homo- or 
heterodimeric form.144 Within this family there is a considerable degree of homology among the receptors. 145 In general members of this group of transcriptional 
factors share considerable functional homology. All of the steroid receptor proteins can be dissected into three functional domains. 146,147 and 148 The N-terminal domain 
is highly variable, activates gene-specific transcription, and binds other protein factors. Domain II functions in DNA binding, provides response-element recognition 
specificity and is highly conserved. Domain III, which is the C-terminal region of the receptor, actually contains two separate motifs: the hinge and the ligand-binding 
portion of the receptor. The hinge contains the nuclear localization signal, participates in transcriptional activation, and functions in dimer formation. Lastly, the 
steroid-binding region binds the specific activating ligand, interacts with heat-shock proteins, contributes to nuclear localization, and for the same receptor species is 
highly conserved. Domain-swapping experiments in which chimeric proteins between one specific DNA-binding domain of one receptor with that of the 
ligand-recognition domain of different class of hormone receptor show that the DNA and ligand domains act functionally in an independent manner. The consensus 
recognition sequence for the hormone androgen, glucocorticoid, progesterone, and mineralocorticoid receptors is GGTACANNNTGTTCT; the consensus sequence 
for the estrogen and thyroid receptor is GGTCA(N)xTGACC, where x is equal to zero for the estrogen response element and three for the thyroid response element; 
and the consensus element for retinoids is AGGTCA. 149,150 and 151 The mechanism by which the different hormone receptors compete for a common element may be 
mediated by concentration of the individual receptor within the cell, the interaction of composite elements within the promoter, changes of DNA structure, 
phosphorylation of the receptor, and/or the interaction of the hormone receptors with other proteins or tissue-specific nuclear factors. 152,153,154,155,156,157,158 and 159 Since 
phosphorylation can occur at multiple sites within the receptor and thereby change its structure, it would not be surprising that regulation of such transcriptional 
regulators could then be networked into other regulatory pathways such as tyrosine kinase, kinase A, and ultimately to signal transduction mediated from 
G-proteins.160,161,162,163 and 164 Moreover, the steroid receptors are known to regulate the synthesis of nuclear protooncogenes and facilitate or inhibit the binding of 
other transcriptional activators. 165,166,167 and 168 In those cases where the receptor interacts with such protooncogenic regulatory elements, mutation of the hormone 
receptor could very well result in loss of coordinate cellular control. 169

Insight into regulatory control is found when one considers the structural activation of the steroid hormone receptor. 170,171 These receptors do not exist intracellularly 
as monomeric or dimeric receptors; rather they are associated with a set of nonreceptor chaperone molecules that confer stability to the receptor such that they are 
held in a conformational state so that they may interact with the incoming ligand. The chaperone molecules are composed in part by heat-shock protein 94 and 
70.172,173,174 and 175 The heat-shock protein/receptor complex also associates with other proteins to form an aggregate species. 176 It is this aggregate species that 
functions to position the hormone receptor within the nucleus by associating with nuclear matrix proteins. 177 Such a display of positional control may imply that the 
topological position of segments of DNA within the nucleus is highly important and fixed by binding to specific proteins and potentially RNA molecules that match up 
with specific sequences of DNA. Furthermore, when the receptor reacts with its cognate steroid ligand, it may be released from some of the constraints of binding to 
the chaperone proteins and associate with another steroid receptor which allows binding to its respective response element within DNA. Since the aggregate is 
associated with nuclear matrix and DNA, then such changes in the aggregate structure can be translated into changes in chromatin structure or possibly into altering 
the bending patterns of DNA, which can then result in looping the composite enhancer region into a spatial position to associate with the transcriptional 
apparatus.178,179 Once again, by considering the simple steroid-receptor transcriptional activator, we find that the eukaryotic cell has networked multiple regulatory 
paths to ensure exquisite control.

In higher eukaryotic cells, genes are structured differently from those found in bacteria. For one thing, they are not arranged in an operonic motif. That is, in higher 
eukaryotes one promoter corresponds to one gene rather than a cascade of genes as is found in bacteria. Moreover, eukaryotic genes are usually substantially larger 
than those found in bacteria. In a bacterium, a single gene coding for a fairly large polypeptide having a molecular weight of 100,000 dalton (100 kDa) would be 
considered unusually large. If one estimates that the average molecular weight of an amino acid is 100 Da, then the number of amino acids in a 100 kDa protein 
would be 1,000. Since three nucleotides code for one amino acid, the 100 kDa protein would correspond to a gene composed of 3,000 nucleotides. In mammals, as in 
prokaryotes, a single polypeptide is rarely larger than 100 kDa. However, when compared to the size of an average higher eukaryotic genes, the large 3-kbase 
prokaryotic gene would be considered small because in mammals it is not unusual to find genes spanning more than 100 kbases. For instance, the cystic fibrosis 
gene spans over 500 kbases, and the breast cancer gene, BCII, may span 1,000,000 bases—approximately one third the size of the genome of E. coli. The average 
size of a higher eukaryotic gene is 10 to 20 kD. 180 The obvious conclusion is that gene structure in higher eukaryotic cells is much more elaborate than that found in 
prokaryotic cells. The gene has a dispersed structure. In mammalian cells most of the nucleotide sequences that are transcribed from a gene are not translated into 
protein. Intragenic, transcribed, but not necessarily translated, sequences within a gene are referred to as introns. The size and number of introns may vary 
depending on the gene but average between 6 to 8 introns per gene. Why would the cell invest so much energy into forming such long pieces of RNA only to have 
most of the nucleotide sequence degraded; and further, what are the advantages of having genetic material dispersed over so much of the DNA? The evolution of this 
mode of packaging eukaryotic genetic material probably reflects greater control of (a) transcription initiation—within introns cis-acting elements can reside, as well as 
elements for trans-acting proteins to activate or inhibit transcription, (b) genetic swapping of information, 181 and (c) development and specific tissue production of 
multiple isoforms of a particular protein at particular times during the life of the cell at the posttranscriptional level.

Posttranscriptional Processing Events

In prokaryotes, mRNA is translated as soon as transcription begins. This is not the case for eukaryotes. 180 Once transcription has occurred and the resultant RNA is 
synthesized, there is a vast array of events that occur. When RNA is synthesized, it is not in a suitable form to function as tRNA or rRNA or mRNA. Newly synthesized 
or nascent RNA is termed pre-messenger RNA or heterologous RNA (hnRNA). Pre-mRNA is single-stranded and corresponds to a one-to-one direct transcript of the 
original DNA representation of the gene. The RNA has a complex secondary structure that is not simply a linear array of nucleotides. 182 This secondary structure 
without doubt dictates how the pre-mRNA is processed and how other molecules within the nucleus interact with the nascent RNA. In such a state, hnRNA associates 
with intranuclear proteins and small nuclear RNA (snRNA). Introns and exons are present and there has been no RNA terminus processing, that is, no 
polyadenylation nor any modification of the 5'-bases. The panoply of processes that occur on hrRNA are referred to as posttranscriptional events.

The posttranscriptional processing events occur virtually immediately and simultaneously. For heuristic ease they will be discussed individually and as if these 
processes start at the 5'-end of hnRNA and end at the 3'-end. When the transcript is being made, the 5'-end begins to associate with proteins within the nuclear 
matrix. As discussed above in reference to transcriptional control, these proteins can impact on transcriptional elongation. But such proteins also begin to organize 
the growing RNA chain into a structure that lends itself to processing by specific modifying intranuclear complexes. With the exception of a few specialized cases, 
such as the picornaviruses that contain as part of their RNA genome-specific sequences that code for precise ribosomal recognition sites, invariably, mRNAs are 
processed before translation. 183

Methylated 5' Cap

The original, start-site, transcribed nucleotide has a triphosphate group at the 5'-end. However, this nucleotide is never found in mRNA. The mRNA 5'-end is 
invariably processed or modified such that there is a special nucleotidyl structure composed of a 7-methylguanosine connected through an unusual triphosphate 
linkage to the first nucleotide of the pre-mRNA ( Figure 1.12).184 This results in a 5' to 5' bond between 7mG and the penultimate nucleotide. The resulting 7mGpppAp 
5'-end in higher eukaryotes may then be further modified by secondary methylation at the 2'-hydroxyl group of the ribose, as well as potential nucleotide base 
methylation of adjoining nucleotides. 185,186 Methylation of the 2'-OH group of the penultimated nucleotide stabilizes against base catalyzed hydrolysis because there is 
no chance of anchiomeric assistance from the adjoining hydroxyl group to facilitate the cyclic diester intermediate that would proceed hydrolysis. These methylations 
are catalyzed by specific methylation enzymes that recognize the 7mGpppAp of the 5'-end of mRNA.187 What determines the methylation pattern is not known. The 
7mGppp2'mAp structure also ensures that there is no free 5'-OH group, and as such the mRNA molecule has a 3' free hydroxyl group on both its 5'- and 3'-ends. 
Although mRNA stability may result from many factors, the absence of the free phosphorylated 5'-OH group protects the mRNA from 5'-OH-specific exoRNase 
catalyzed degradation and thereby the inverted linkage of 5' to 5' OHs stabilizes and preserves mRNAs. 188,189,190,191 and 192 The collectively modified 5'-end of mRNA is 
referred to as the cap structure. This structure associates with a cap-binding protein which is integral to initiation of translation—decoding the mRNA into protein—and 
possibly the associated CPB is important in transport of mRNA out of the nucleus and into the cytoplasm to be translated by ribosomes. 193,194 and 195 Further, the cap 



structure is crucial for binding and positioning pre-RNA into intranuclear complexes for further processing. 196

FIGURE 1.12. The capping and methylation of pre-mRNA goes through several steps. pppApXpX represents the 5'-end of pre-mRNA. GpppApXpX is the unusual 5' to 
'5 capped structure without methylation of the 7-nitrogen of guanosine. 7mGppp2'mApXpX is the fully methylated capped structure of pre-mRNA.

Transcriptional Termination

In prokaryotes termination of transcription is controlled by either the presence of specific proteins or terminating cis-elements within the gene. 37,197 For the most part, 
this is not the case in eukaryotes wherein the emphasis has changed from specific transcription termination sites to a more vague transcriptional end point with 
subsequent exquisitely accurately regulated 3'-end processing. 198 The pre-mRNA may terminate either shortly or considerably downstream of the end of the mRNA. 
The control of where the transcriptional apparatus stops transcribing is not known; however, considerable effort has been expended in understanding the processes 
that define the 3'-terminus of mRNA.199,200 and 201 Approximately 10 to 30 nucleotides upstream of the pre-mRNA is a hexameric element that has a consensus of 
AAUAAA and defines the subsequent 3' cleavage site of pre-RNA.202,203 Once 3' endonucleolytic cleavage of pre-mRNA occurs, then between 200 and 250 As are 
added by poly(A) polymerase to form the poly(A) tail of mRNA (Figure 1.13).24,204 But not all AAUAAA elements define the 3' cleavage site. The AAUAAA element must 
be in the context of other regulatory elements that are downstream of the cleavage site. Two such downstream cognate sequences exist: the GU or U-rich 
sequences.205,206 The enzyme that is responsible for polyadenylation has been isolated and purified. 207 Poly(A) polymerase must act in concert with other factors that 
determine 3'-end site selection and define endonucleolytic sites. There are several candidates for these factors such as cleavage and polyadenylation factor, CPF, 
and CF1.208,209 As is seen in the selection of the exact isoform of diverse proteins such as dihydrofolate reductase, membrane or secreted IgM, a-amylase, and 
calcitonin and calcitonin gene-related peptide are subject to contextual constraints of cleavage site selection on the basis of tissue or cell development ( Figure 
1.14).210,211 and 212 For instance, selection of which of two mRNAs will be made from the same pre-mRNA that codes for the membrane bound or secreted IgM forms 
appears to depend on specific factors that are present as a function of the developmental maturity of the lymphocyte, 213,214 whereas the selection of synthesis of 
calcitonin versus calcitonin gene-related peptide appears to depend on the function of tissue specific factors, in that the calcitonin gene-related peptide is primarily 
synthesized in the hypothalamus, and calcitonin in the thyroid. 215,216 So not only do we find that the 3'-end of mRNA is a regulatory checkpoint, but also that 
polyadenylation can be dependent on the choice of intragenic exon selection that is defined by splice site selection. 217

FIGURE 1.13. Demonstrates the pre-mRNA being processed by sequential splicing of exon 1, 2, 3, and 4. The polyadenylation signal is denoted at the terminal region 
of exon 4.

FIGURE 1.14. The selection of an immunoglobulin gene product for either secretion or membrane attachment depends on the use of one of two possible 
polyadenylation (poly[A]) elements within the immunoglobulin gene. When the first poly(A) site is selected, two exons are not incorporated into the gene product.

Spliceosomes

Since the ultimate mRNA is fashioned such that it will be efficiently utilized to translate genetic information into utilizable protein, it is not surprising that a major 
posttranscriptional regulatory checkpoint is compression of the dispersed pre-mRNA into RNA. The capped and poly(A) tailed prespliced RNA is composed in a 
modular fashion of exons and introns. The introns must be removed and the exons stitched together to result in a transcriptional unit that will be translated. The 
posttranscriptional process of removing introns and annealing the exons into a protein-coding RNA ready for translation is defined as splicing ( Figure 1.15).196,218,219 and 

220 It is not surprising, considering the modular or motif nature of higher eukaryotic proteins, that exon sizes are fairly small and are usually less than 300 
nucleotides.221 This is not the case for introns, which can vary in size from approximately 60 to 100,000 nucleotides. 219,220 Since the initial pre-mRNA transcript for 
class II genes can be extremely large and composed of 50 or more introns of varying sizes, precise splicing must be maintained to ensure ultimate functional 
proteins.219,221 There are three general classes of splicing reactions. The first two depend on autocatalytic splicing, which is highly dependent on the intron structure, 
whereas the third type of splicing, which is utilized for class II genes, depends on the pre-mRNA associating with an intranuclear structure referred to as the 
spliceosome complex.220 The spliceosome is a 60S particle containing 5 small nuclear RNAs (snRNAs), U1, U2, U4, U5, and U6, as well as many small nuclear 
ribonuclear proteins (snRNP).222,223 and 224 This spliceosome complex may form just after the capping modification has occurred; however, normally the complex forms 
on the capped and poly(A) tailed pre-mRNA. First U1 and U2 snRNP form with the pre-RNA and then U4, U5, and U6 snRNP, as well as small ribonuclear (SR) 



proteins associated with the pre-spliceosome to form the catalytic spliceosome. 225,226,227 and 228 The splicing reaction requires the obvious presence of pre-mRNA, the 
spliceosome, and ATP.229 When considering the great variability in the size and number of exons and introns of a transcribed gene, it becomes intuitive that 
mandatory cis-elements within the intron/exon contribute to the precise recognition by the splicing apparatus. There are cognate cis-elements at the 5'- and 3'-ends, 
as well as intraintronic sequences, that define the splicing junctions for removal of intron. As is seen in Figure 1.15, the sequence of events for splicing proceeds first 
by cleavage at the 5'-end of the intron, followed by subsequent ligation of the 3'-end of the cleaved exon to the 5'-end of the exons with concomitant excision of the 
intron.219,220 The first step of the splicing reaction involves a transesterification reaction in which the free 2'-hydroxyl group of an adenine at the branch point within the 
intron near the 3'-end of the intron reacts with the 5'-most guanosine within the intron to create a nucleotide that has phosphate esters on the 2' and 3' groups of the 
ribose sugar.230,231 This creates the 5' exon with a free hydroxyl group and a lariat structure composed of the intron and its connected 3' exon. The second reaction, 
which appears in vivo to occur simultaneous with the first reaction, is the excision of the intron containing the lariat and ligation of the two exons. The U1 snRNP of the 
spliceosome interacts with pre-mRNA at the 5' splice junction site of the intron. 232,233 The 5' junction invariably contains a GU nucleotide; in a few cases GCs have 
replaced the GU.234 The 5' GU dinucleotide is positioned in a consensus sequence of AG GUAAGU that spans from the 3'-end of the exon into the 5'-end of the 
intron.235 It has been shown that changing the G or the U can completely inactivate the splice junction. 236,237 Furthermore, alterations within the consensus sequence 
of the 5' junction site may inactivate the primary junction site, decrease the rate of splicing, or activate alternative junction sites that may be either in the exon or 
intron.237 These alternative or cryptic 5' junctional sites invariable have a GU dinucleotide. 237,238 For instance, in bE-thalassemia, a G to A mutation within the first exon 
of b.-globin changes the nucleotide sequence in the vicinity of GU, and thereby activates an intra-exon cryptic 5' junction site that results in aberrant mRNA. 238,239 
Therefore, selection of the 5' splice is a function of its closeness to the consensus sequence and conjoining sequences as well as of the distance from the 3' junction 
site.240

FIGURE 1.15. The splicing reaction is shown diagrammatically. The exons are represented as boxes, the intron as a single line between the two exons. The 
2'-hydroxyl group of the adenosine (A) at the branch point is shown with the intron. The lariat structure which results from the branch 2'-hydroxyl group reacting with 
the phosphate ester between G and U at the 5'-end of the intron is indicated by an arrow. The resulting processed and spliced exons are joined together.

The 3' junction site contains a rather large consensus sequence that is composed of an invariant AG which resides immediately before the second exon and an 
upstream pyrimidine-rich tract with an intervening single purine or pyrimidine and then a pyrimidine just before the junction site AG. The consensus is therefore, a 
(Py)11 NYAG-exon.218,235 The 3' pyrimidine-rich region interacts with the U5 snRNP as well as the U1 snRNP of the spliceosome. 241,242 and 243 The 3' junction site and 
the pyrimidine-rich tract are an absolute requirement for the first endonucleolytic cleavage of the 5' junctional site to occur. 244 The implication is that within the 
spliceosome, the recognition order probably is U1 followed by U2 and then U5 snRNP, or U1 in conjunction with U2 forms a complex with U5 and other snRNPs to 
conform to the 3'-end of the intron so that the branch point adenine which interacts with U2 can be positioned by the U1/U5/U4/U6/SR complex to react with the 5' 
junctional site. Alternatively, there is a stepwise assembly of snRNPs that forms complexes with prespliced mRNA which results in rearrangement of the snRNPs to 
conform the pre-RNA for splicing. In any case, U2 snRNP protects the branch point region from digestion by RNase. 245 Even though the branch point adenine is 
crucial for lariat formation and therefore intron excision, unlike yeast, in higher eukaryotes only a weak consensus sequence of UACUAAC exists. 231,246 What appears 
to be the case is that there is a strict requirement that the branch point of the lariat be 16 to 60 nucleotides upstream of the 3' junction site. 218,219 Deletion of the 
original branch point adenine slows the splicing reaction and unmasks a cryptic branch point site. 247

Alternate Splicing

It must be that in addition to the normally found snRNPs that make up the spliceosome, other nuclear proteins function in the splicing event. This becomes particularly 
obvious when one considers the mechanism by which cells regulate the splicing reaction such that alternative splicing events occur. 180,248 Alternative splicing provides 
to the cell a regulatory control to produce alternative proteins or isozymes without the need to store within the genome genes that code for each individual protein. To 
effect alternative splicing, the cell type must produce a nuclear protein that acts directly with the spliceosome to result in selection of alternative splice sites or, 
because the pre-mRNA has considerable secondary structure, the tissue-specific protein may interact with the pre-mRNA while it is forming to fold it in such a fashion 
that certain splice sites are not available to the spliceosome. It may be that the tissue-specific proteins may associate with the spliceosome such that certain intronic 
or exonic sequences are recognized as alternative splice sites. Whatever the underlying mechanism(s) of alternative splicing the end result is that in either the case 
of normal sequential splicing or of alternative splice, pre-RNA, once it has been capped and polyadenylated and spliced, is ready to be carried from the nucleus to the 
ribosome for translation.

TRANSLATION

During translation the mRNA carrying the genetic code is decoded into amino acids. Each amino acid is represented by at least one codon found as a triplet within the 
nucleotide sequence of mRNA. Translation in prokaryotes is a very rapid process, which occurs while transcription is still in progress. This is possible within a 
prokaryotic cell because both transcriptional and translational events are in the same cellular compartment. On the other hand, translation and transcription in 
eukaryotic cells are in separate cellular compartments. Moreover, because of posttranscriptional modifications and transport, there is a lag of a few hours between the 
two molecular events.249,250

Ribosome Structure

Ribosomes (ribonucleoprotein structures) provide the site for recognition between an mRNA codon and tRNA anticodon with subsequent assembly of translated 
amino acids into polypeptides. Ribosomes attach to the 5' end of mRNA, translating each nucleotide triplet into an amino acid as the triplets move in a 5' to 3' 
direction. A strand of mRNA can be simultaneously translated by more than one ribosome. Multiple ribosome constructs are referred to as a polysome. Polysomes 
contain variable numbers of ribosomes, each one synthesizing an individual polypeptide ( Figure 1.16). There are generally a greater number of ribosomes per 
prokaryote mRNA molecule since the mRNA in these organisms is much longer than that found in eukaryotes. Bacteria can add approximately 15 amino acids to the 
growing polypeptide chain every second, therefore synthesizing a protein of about 300 amino acids in 20 seconds. Eukaryotic cells proceed at a slower rate, adding 
about two amino acids to the growing chain per second. 249



FIGURE 1.16. Polysomes are many ribosomes simultaneously translating the same molecule of RNA, resulting in synthesis of many polypeptides of different lengths 
from the same RNA molecule. (From Lewin B. The assembly line for protein synthesis. New York: Oxford University Press, 1990:143, with permission.)

A ribosome is composed of two subunits which can be dissociated from each other by reducing the Mg 2+ concentration. The subunits can be isolated through zonal 
centrifugation in Mg2+-sucrose gradient.251,252 The sedimentation rate has been adopted as nomenclature for each subunit, with a higher S value indicating a greater 
rate of sedimentation and a larger mass.253 Bacterial ribosomal subunits sediment at 30S (small subunit) and 50S (large subunit) forming a 70S reassociated 
ribosome. The small (30S) subunit is composed of 21 different proteins and 32 different proteins comprise the large 50S subunit. One of the small subunit proteins is 
identical to one found in the large subunit yielding a total of 52 different proteins within an intact prokaryote ribosome. 254 Eukaryotic cytoplasmic ribosomes are larger, 
sedimenting at 80S for the intact ribosome and 40S and 60S for the small and large subunits respectively. The ribosomal RNA has a molecular weight of 2,300 kD 
with an additional 1,700 to 1,800 kD of absorbed ribosomal proteins such as initiation factors, elongation factors, and enzymes. 255 Ribosomal proteins in both 
prokaryotes and eukaryotes have insoluble, basic properties. 256 The genes coding for ribosomal proteins are present 10 to 12 times in higher eukaryotic genomes, but 
there is only one copy of each ribosomal protein gene in prokaryotes. 257,258 E. coli rRNA genes are cotranscribed as a 16S-23s-5s linked unit. 258 In higher eukaryotes 
the rRNA genes are linked as an 18s-5.8s-28s transcriptional unit while the 5s gene is transcribed separately by a different polymerase. 259,260 and 261 A comparison of 
rRNA sequences between bacteria and chloroplasts reveals 74% homology between the 16S subunits 262,263 and nearly 70% homology between the 23s subunits.264,265

 However, comparison of E. coli and eukaryote 16S rRNA shows no homology except within nucleotides 9–51 at the 3'-end of E. coli 16S rRNA. The region of 
homology is located just upstream from an 8 nucleotide region in E. coli 16S rRNA which is a necessary sequence in initiation of translation. 266,267,268 and 269

Initiation Complex

An initiation complex must first be formed before a ribosome can begin the process of decoding mRNA triplets into amino acids. Formation of an initiation complex 
requires initiation factors to function as chaperones in bringing together the small ribosomal subunit, mRNA, an initiator tRNA, and the large ribosomal subunit ( Figure 
1.17). The translational process involves association of the proper amino acyl tRNA anticodon with a complementary mRNA codon. Each ribosome has two sites for 
tRNA binding; the A or entry site is occupied by the incoming amino acyl tRNA whose anticodon is the compliment of the mRNA codon, which is next in line to be 
translated. The adjacent P (donor) site is occupied by the growing polypeptide chain bound to peptidyl tRNA. When both the A and P sites are filled, a peptide bond is 
formed between the newly translated amino acid in the A site and the previously translated amino acid in the P site ( Figure 1.18). These complexes of proteins and 
other initiation factors associated with a ribosome make up the active site for participation in one of the three stages of translation: (a) initiation; (b) elongation; and (c) 
termination. The following discussion will address the general mechanisms in each of these stages as well as the regulatory events and deviations which can occur in 
translation.270,271

FIGURE 1.17. Formation of an initiation complex requires the dissociation of the ribosomal subunits in the “free pool” before the initiation factors, small ribosomal 
subunit, initiator tRNA, and mRNA can begin assembly of the initiation complex. (From Lewin B. The assembly line for protein synthesis. Genes IV New York: Oxford 
University Press, 1990:113, with permission.)

FIGURE 1.18. A: Each ribosome has two sites for tRNA binding. The entry (A) site is occupied by the incoming mRNA codon and the complimentary tRNA anticodon. 
The donor (P) site contains the elongation polypeptide bound to peptidyl tRNA. When both sites are filled, a peptide bond is formed between the two newly 
synthesized amino acids. B: The peptide chain with the most recently synthesized amino acid is translocated back to the A site.

Initiation of translation requires multiple steps to assemble a ribosomal initiation complex which can bind mRNA at or near a site containing an initiation codon (AUG). 
Formation of the initiation complex requires different initiation factors whose number and complexity of function increase from prokaryotic to eukaryotic translation. 
There are four main events in the initiation of translation: (a) dissociation of the small and large ribosomal subunits found in the free ribosome pool; (b) binding of the 
initiator tRNA to the small ribosomal subunit along with initiation factors to form a preinitiation complex; (c) binding of mRNA to the preinitiation complex to form an 
initiation complex with the small subunit; and (d) reassociation of the large and small subunits to form an 80S initiation complex. 272

Initiation Complex in Prokaryotes

Assembly of the 30S preinitiation complex in prokaryotes requires three initiation factors (IF1, IF2, and IF3), GTP, 30S ribosomal subunits, initiator tRNA (formyl 
methionyl-tRNA), and mRNA. In order to form a preinitiation complex, the small ribosomal subunit (30S) must be available in the free ribosome pool. Normally 30S is 



found tightly coupled with 50S as a 70S ribosome, which must be dissociated in order to make 30S available. 273,274 Initiation factors IF1 and IF3 are part of the 
dissociation process. The IF1 association with the 70S ribosome increases the rate of dissociation of 30S from 50S. 275,276 and 277 Once the subunits have separated 
from each other, IF3 complexes with 30S and prevents it from reassociating with 50S. 277,278 and 279 All three initiation factors, IF1, IF2, and IF3 then bind 30S subunits in 
the free pool, forming a 30S-IF1-IF2-IF3 complex. Each of the three initiation factors are capable of independently binding 30S; however, the stability of the binding is 
enhanced by the addition of one or more of the remaining initiation factors. 280,281,282 and 283 The binding sites on the 30S subunit for all three initiation factors are 
adjacent to or overlapping the 3' end of 16S RNA.284,285,286 and 287 IF2 is specifically needed for binding fMet-tRNA and chaperoning it to the 30S binding site. IF1 and 
GTP are present in complex formation. The presence of GTP reduces the number of molecules of IF2 needed to bind fMet-tRNA, and IF1 stabilizes the binding of IF2 
to the 30S subunit.280,281,288,289 and 290 IF3 is required for formation of the 30S-mRNA complex at the ribosomal binding site near the initiation codon. IF3 remains 
complexed with 30S until the large subunit joins the initiation complex at the site of initiation ( Figure 1.19).291,292 IF3 is present in exceedingly small amounts in 
bacterial cells, which makes it a determinant in how much 30S rRNA is available to initiate translation. 23

FIGURE 1.19. The sequence of events and molecules involved with formation of an active 70S initiation complex.

The ribosomal binding site, found in prokaryotic mRNA, contains important sequences: (a) the Shine-Dalgarno sequence, AGGAGGU, which is the ribosome 
recognition site; and (b) the initiation codon AUG (or also GUG or UUG). In 1974, Shine and Dalgarno showed that a purine-rich sequence located upstream from the 
initiator methionine codon is complementary to the 3'-end of E. coli 16S rRNA.293 Since then, approximately 150 additional bacterial and bacteriophage rRNA 
sequences have verified the presence of a Shine-Dalgarno sequence, which can be found preceding each cistron in a prokaryotic polycistronic message. 294,295,296,297 

and 298 The efficiency with which the Shine-Dalgarno sequence binds the mRNA to initiate translation is contingent upon the number of nucleotides that form 
complementary base pairs with the 3' 16S rRNA nucleotide sequence. The stretch of complementary base pairing is usually three to nine continuous nucleotides. 294 
However, the exact site within the 3' 16S rRNA where the Shine-Dalgarno sequence binds is dependent upon the degree of secondary structure present within that 
region, with the most favored sequence being CUCC found within the 3' pyrimidine-rich region (GAUCACCUCCUUA OH3').299 The advantage of this base pairing is that 
it brings the initiation codon into position for initiator tRNA binding. 288 The distance between the Shine-Dalgarno sequence and AUG is approximately seven 
nucleotides with 7 ± 2 being the ideal distance ( Figure 1.20).300,301 and 302

FIGURE 1.20. The Shine-Dalgarno (SD) sequence located upstream of the initiation codon is the motif recognized by ribosomes. The SD sequence forms 
complimentary base pairs with a 3' 16S rRNA. The number of nucleotides forming complementary bonds affects translation efficiency. (From Merrick WC. Eukaryotic 
mRNAs: strange solutions require unusual problems. In: Hill WE, Dahlberg A, Garrett RA, et al. The ribosome: structure, function and evolution . Washington, DC: 
American Society for Microbiology, 1990:292, with permission.)

AUG, the initiation triplet, codes for methionine which can be carried by two different tRNA molecules—one is the initiator methionine and the other is recognized in 
elongation. In bacteria and mitochondria, the initiator tRNA is the formylated methionine, N-formyl-methionyl-tRNA, and it is the only amino acyl tRNA with which IF2 
will interact (Figure 1.21).303 The other methionine, whose function is to recognize an internal AUG codon, cannot be formylated. Formylated methionine (and 
eukaryotic initiator tRNAs) has the unique capability of bypassing the A site and entering directly into the P site of the ribosome to initiate protein synthesis. Once a 
growing polypeptide becomes 15 to 30 amino acids long, the formyl group at the NH2 terminus is removed. The function of the enzyme deformylase is to remove the 
formyl group and generate a normal NH2 terminus. The following set of reactions provides a summation of events in formation of an active 70S initiation complex. 270

FIGURE 1.21. The prokaryote initiator tRNA is formyl methionyl-t-RNA which has a formulated amino group making it structurally different from all other tRNAs. (From 
Lewin B. The assembly line for protein synthesis. New York: Oxford University Press, 1990:113, with permission.)

In contrast to the bacterial initiation of translation, the eukaryotic process is different, more complex, and requires many more factors to orchestrate the event. The 
main differences are that: (a) eukaryotes have larger ribosomes; (b) eukaryotes have more initiation factors (8 eIFs); (c) the Met-tRNA is not formylated; (d) most 
mRNA has a 5' cap structure; and (e) mRNA is monocistronic.



Initiation Complex in Eukaryotes

Eukaryotic mRNA has two distinguishing structures: the 5' cap and poly A tail, both of which are shown to be part of (although not necessary to) the translation 
process. It has been demonstrated that without a 5' cap, mRNA can be translated, 304,305 but the presence of the cap structure greatly enhances protein synthesis. The 
5' cap structure, a methylated guanosine (position 7) that is connected to the first mRNA nucleotide by a 5' to 5' triphosphate bridge, functions to bring the 40S subunit 
of the ribosome to the mRNA to initiate translation. The four basic steps involved with the initiation of translation in eukaryotes are:

1. Dissociation of the 80S ribosome into two subunits: 40S and 60S;
2. Formation of a preinitiation complex consisting of methionyl-tRNA-40S-eIF2-GTP;
3. Formation of an initiation complex consisting of the preinitiation complex bound to mRNA;
4. Formation of an 80S initiation complex consisting of 40S and 60S subunits, initiator methionine, tRNA, and mRNA.

The initial step in eukaryotic translation is the formation of a complex containing GTP, eukaryotic initiation factor 2 (eIF2) and methionine-tRNA 1 (the initiator 
methionine in eukaryotes is not formylated). GTP binds to eIF2 to enhance the affinity of eIF2 for methionine-tRNA I. Once the met-tRNA-eIF2-GTP complex is formed, 
it can then bind a free 40S ribosomal subunit found in the free ribosomal pool resulting in the formation of a 43S preinitiation complex. 306 The number of free 40S and 
60S ribosomal subunits found in the free ribosomal pool is small since the formation of 80S is favored in the cellular milieu. The dissociation of the two subunits is 
maintained by eIF6 binding to the 60S subunit and eIF3 to 40S. 307,308,309,310 and 311 The 43S complex binds to the 5' CAP region and moves along the mRNA until it 
reaches the AUG initiation codon. Here eIF5 triggers hydrolysis of GTP, which results in a conformational change in eIF2 and a reduced affinity for 40S; eIF2-GDP 
dissociates from the 43S; 40S forms an active 80S ribosome with 60S. eIF2 binds GDP with a 400-fold higher affinity than GTP, 312 resulting in a slow off rate of GDP. 
This would be a rate-limiting step in protein synthesis if it were not for the presence of another factor, guanine nucleotide exchange factor (GEF or eIF2B). GEF 
mediates the nucleotide exchange so that eIF2 now becomes GTP-bound, enabling this complex to be recycled in formation of another preinitiation complex. Protein 
synthesis begins when the 5' cap structure is recognized by the initiation factor 4E(eIF4E) component of the eIF4F complex that also includes eIF4G. The 24-kD 
eIF4E, also known as the cap-binding protein, recognizes, binds to, and cross-links the 5' cap structure. 313,314 and 315 The N-terminal domain of eIF4G functions as a 
bridge between eIF4E and eIF4A and its C-terminal domain interacts with eIF3 complexed to 40S-tRNA-GTP structure, thus creating a bridge between the cap 
structure and the 40S subunit.316,317,318,319 and 320 After eIF4E has bound and cross-linked the 5' cap structure, eIF4A and eIF4B become part of the initiation complex. 
eIF4A alone is a single-stranded RNA-dependent ATPase and belongs to a family of RNA helicase (unwinding) proteins. eIF4B has several functions, the most 
important of which is stimulation of ATP-dependent RNA helicase activity of eIF4A ( Figure 1.22).321,322 and 323 The coding region of eIF4B contains two sequence motifs, 
AFLGNL and KGFGYAEF, that are homologous with other RNA recognition motifs, suggesting that this factor acts as an mRNA cross-linking protein. 321,322,323 and 324 
These two factors, eIF4A and eIF4B, are essential in melting the 5' untranslated region (5' UTR) of mRNA, making the initiation codon accessible to the ribosomes 
(Figure 1.23).

FIGURE 1.22. Eukaryotic initiation factors eIF-A and eIF-B function as helicase enzymes, unwinding the secondary structure of the mRNA in front of them as they 
move in a 5' to 3' direction. (From Lewin B. The apparatus for protein localization. New York: Oxford University Press, 1990:279, with permission.)

FIGURE 1.23. The initiation of translation in eukaryotes requires the formation of an initiation complex to initiate translation. This requires the functions of many 
enzymes performing their specific activity at the appropriate time. (From Merrick WC. Eukaryotic mRNAs: strange solutions require unusual problems. In: Hill WE, 
Dahlberg A, Garrett RA, et al. The ribosome: structure, function and evolution . Washington, DC: American Society for Microbiology, 1990:292, with permission.)

Initiation factor eIF4E is of considerable interest due to its important role in controlling the rate of initiation of translation as well as its role in the regulation of 
translation. For example, the promoter of the eIF4E gene has an E-box that c-Myc binds to activate transcription, thus increasing the level of eIF4A expression. 
Malignant transformation of cells overexpressing eIF4E has been demonstrated; 325,326 cells supplemented with growth factors, hormones, and mitogens can stimulate 
phosphorylation of eIF4E, and posttranslational modifications such as phosphorylation have been shown to increase the initiation of translation by enhancing eIF4E 
affinity for the 5' cap;327,328,329 and 330 cellular inhibitory proteins, 4E-binding proteins, function as negative regulators of gene expression. They act as repressors of 5' 
cap-binding by interfering with the association of eIF4E with the bridging factor eIF4G, thus inhibiting the formation of the initiation complex. The 4E-binding proteins 
contain an amino acid sequence homologous to the N-terminal domain of eIF4G. This sequence in eIF4G normally associates with eIF4E. 317,331,332 and 333 The x-ray 
crystallography structure of eIF4E bound to 7-methyl-GDP has recently been reported, 334 thus giving additional insight into the interactions of this initiation factor with 
other factors and mRNA.

As might be expected, some viruses have an efficient alternative to the 5' cap structure stimulation of translation. Positive-stranded picornoviruses (polio) have a 650 
to 1,300 nucleotide long 5' noncoding region (5' NCR) containing many AUG codons and extensive secondary structure. This region is capable of efficiently initiating 
translation of the viral mRNA. These regions are named internal ribosome entry sites (IRES) and are found in all picornoviruses, hepatitis A and C viruses 
mRNA.335,336 and 337 IRES elements have been located in some cellular mRNAs, such as IgG heavy chain binding protein, Bip, fibroblast growth factor 2, Drosophilia 
antennapedia protein, and human eIF4G.338,339,340,341 and 342

It should be noted that there is evidence from experiments performed in amphibian oocytes and yeast indicating that the 3' polyadenylation tail is involved in the 
stimulation of mRNA translation. These studies have shown that a poly(A) tail binding protein, Pab1p, is required for stimulation of translation and that it was capable 
of stimulating translation in the absence of eIF4E. It has also been shown that the poly(A) tail enhances the binding of the 40S subunit to mRNA as well as enhancing 
the joining of the 60S subunit to the initiation complex. Taken together, models of the poly(A) tail involvement in translation have been suggested, although many 
aspects remain unresolved.343 At this juncture, the reader should make special note of these data and anticipate that this aspect of translation will be unraveled in the 



near future.

Unlike bacteria, eukaryotes do not have a specific ribosome-binding site on the mRNA to direct the initiation complex to the proper initiation codon. The precise 
mechanism by which eukaryotes locate the AUG initiator codon is still unknown; however, there are several hypotheses, all of which are variations of a “scanning” 
mechanism. The current hypothesis is that the 40S ribosomes bind mRNA at or near the 5'-end cap and move toward the interior of the mRNA sequence. 344,345 and 346 
Recognition of the AUG initiator codon depends on the flanking sequences, with A/GNNAUGG providing the best context for binding of the initiation complex. If the 
first AUG is in this optimal context, then the 40S initiation complex will bind at that initiation codon without scanning the remainder of the mRNA. However, if the first 
AUG does not have the ideal flanking sequences, then the 40S will continue to scan the mRNA sequence until it locates another AUG, binds it and initiates translation 
at that codon.347 In a few cases, some 40S subunits bind the first AUG flanked by nonoptimal sequences, while other ribosomes continue scanning and finally bind an 
AUG codon further downstream. Given these circumstances, two proteins would be synthesized from a single message. This is a highly unusual event in eukaryotes 
since they do not have bicistronic transcripts. 23 The ability of a mRNA to be actively involved in translation is determined by: (a) how accessible the 5' capped mRNA 
is to the initiation complex; (b) how readily the 40S ribosomal subunit can scan the mRNA downstream from its entry point at the 5' end; and (c) how easily the 
initiation complex can locate the AUG initiator codon in the optimal context. 272

Ribosome “scanning” can be impeded by secondary structures in the mRNA. Extensive secondary structure, common to mRNA, can form stable stem-loop structures 
through complementary base pairing (Figure 1.24). If the stem-loop structure is so stable that it cannot be melted, then the 40S ribosome may not be able to pass the 
stem loop as it scans the mRNA. A stem loop at the 5' CAP region can prevent the initiation complex from binding the mRNA at its normal site of entry. 345

FIGURE 1.24. Ribosome scanning can be impeded by the secondary structure of mRNA, which can potentially prevent initiation at the correct AUG site. (From 
Merrick WC. Eukaryotic mRNAs: strange solutions require unusual problems. In: Hill WE, Dahlber A, Garrett RA, et al. The ribosome: structure, function and 
evolution. Washington, DC: American Society for Microbiology, 1990:292, with permission.)

The formation of the initiation complex (joining of 60S to the preinitiation complex at the initiator codon) requires eIF5. This protein is a single polypeptide having 
ribosome-dependent GTPase activity. The function of this factor is to hydrolyze the GTP molecule bound to eIF2 prior to the addition of the 60S subunit. This 
hydrolysis reaction removes eIF2-GDP, eIF1 and eIF3 from the preinitiation complex so they can be recycled to continue their role in formation of new preinitiation 
complexes.309,311,348,349,350 and 351

Elongation

After the initiation complex is formed, the elongation step can begin. There are three major steps in the elongation that keep repeating themselves. They are: (a) 
binding of aminoacyl-tRNA to the ribosomal A site; (b) formation of a peptide bond; (c) translocation of the tRNAs and mRNA ( Figure 1.25). There are elongation 
factors involved in the elongation steps. It should be noted that these factors are not a requirement, because the ribosome can carry out elongation without them. 352,353

 However, catalysis of these steps by two GTP-dependent factors increases the speed and fidelity of protein synthesis. 354 These factors bind to specific components 
and are then released and recycled for use in the addition of the next amino acid in the nascent polypeptide chain. 355

FIGURE 1.25. The four major elongation steps in prokaryotes require the functions of elongation factors. (From Lewin B. The assembly line for protein synthesis. New 
York: Oxford University Press, 1994:163, with permission.)

The process of elongation in prokaryotes and eukaryotes is similar. At this time the elongation process is under intense investigation. As more precise data obtained 
from more sophisticated technology are being accumulated, they more specifically define the interactions and functions of the elongation factors with the tRNA, 
mRNA, and ribosome subunits.

The initial step in elongation begins with an initiator tRNA in the P (peptidyl) site and the small ribosomal subunit and initiation factors that bind to the mRNA in a 
configuration that allow entry only into the P site of the ribosome. The aminoacyl (A) site is now available for introduction of an aminoacyl-tRNA having an anticodon 
complementary to the mRNA codon that will occupy the A site. The appropriate aminoacyl-tRNA is escorted to the A site by a GTP-bound elongation factor (EF-Tu in 
prokaryotes and eEF-1a in eukaryotes) introduced as an aminoacyl-tRNA-EF-Tu-GTP complex. The GTP undergoes hydrolysis and EF-Tu (eEF-1a) is released. 
Another factor is required to displace the GDP from the elongation factor. This factor, EF-Ts in bacteria and EF-1bg in eukaryotes, forms an intermediary with EF-Tu 
and is subsequently displaced by GTP as shown in the following diagram:

EF-Tu-GDP®EF-Tu-EF-Ts®EF-Tu-GTP

The EF-Tu-GDP complex is then available to undergo another cycle in chaperoning a tRNA to the A site. This can be a rate-limiting step in elongation just as it was in 
initiation, because a subsequent binding reaction cannot occur until the EF-GDP is released for recycling.

Release of the EF-Tu-GDP enables the aminoacyl-tRNA to bind to the A site. The anticodon regions of the tRNA in both sites interact with the small subunit of the 
ribosome, and likewise the acceptor regions of both tRNAs interact with the large ribosomal subunit. A peptide bond is formed when an a-amino group of 
aminoacyl-tRNA attacks the peptidyl-tRNA bond in a reaction catalyzed by peptidyl transferase. Following formation of the peptide bond, the nascent peptide chain 
translocates to the A site. At the time of translocation, another GTP-dependent elongation factor (EF-G in prokaryotes and EF-2 in eukaryotes) binds to the ribosomes 
and catalyzes the movement of the two tRNAs and mRNA by one codon. The deacylated aminoacyl-tRNA moves from the A site to the exit (E) site 356 and then 



dissociates from the ribosome.354

The GTP-dependent translocation step involving EF-G (eEF-2) is under intense debate. The previously viewed mechanism was that GTP-EF-G bound to the 
ribosome to induce translocation and ensure that translocation occurred in one direction. 357,358 and 359 This has been considered a rate-limiting step. Pre-steady-state 
experiments now show that GTP hydrolysis of EF-G occurs before translocation and increases the movement by more than 50-fold. 360 Recent evidence from 
experiments using directed hydroxyl radical probing and low-resolution electron microscope reconstruction to map the position of EF-G in the ribosome has led to the 
start of a new model which needs further verification. These studies indicate that the GTPase activity of EF-G triggered by the interaction of contacts in the G domain 
of EF-G with elements of 23S rRNA creates a conformational change in EF-G.354,361 This conformational change would reposition domains in EF-G such that it 
contacts ribosomal elements, catalyzing the reaction for “unlocking” 358 of the tRNA-ribosome complex. The unlocking event would then allow relaxation of 
tRNA-binding contacts and movement of ribosomal substructures, followed by movement of tRNA and mRNA. As tRNA leaves the 30S A site, a domain of EF-G would 
occupy the site, thus preventing reversal of translocation while the ribosome is still in an unlocked state. This positional change of the EF-G domain would release it 
from the configurational state that enabled EF-G to catalyze unlocking of ribosome, thus reestablishing the locked position and release of EF-G. Such an event would 
explain the speed of translocation and diminish the likelihood of previous suggestions that this is a rate-limiting step in translation elongation. 354,360,361

Once EF-Tu-GDP is released and a peptide bond is formed between the peptidyl-tRNA and the aminoacyl-tRNA, then the subsequent step—translocation—can 
occur. This step requires an elongation factor (EF-G in bacteria and EF-2 in eukaryotes), GTP, and the enzyme peptidyl transferase. The function of the elongation 
factor is to bind the ribosome while the polypeptide chain attached to tRNA in the P site is transferred to the aminoacyl tRNA in the A site ( Figure 1.26). The 
elongation factor is then released from the ribosome by GTP hydrolysis, the polypeptide chain-tRNA moves to the P site, and the mRNA moves three nucleotides so 
that the next amino acid codon is in the empty A site. The cycle repeats itself. 362,363 and 364 This cyclical event continues until an in-frame termination codon—UAA, 
UGA, or UAG—enters the A site, signifying the end of the translatable sequence. However, in order to terminate protein synthesis: (a) the completed polypeptide must 
be released from peptidyl-tRNA; (b) the tRNA must be released from the ribosome; and (c) the ribosome must be dissociated from the mRNA.

FIGURE 1.26. Bacterial elongation factor EF-Tu escorts the appropriate tRNA to the ribosome entry site A. EF-G binds the ribosome while translocation is occurring. 
(From Oakes MI, Scheinman A, Atha T, et al. Ribosome structure: three-dimensional locations of rRNA and proteins. In: Hill WE, Dahlberg A, Garrett RA, et al. The 
ribosome: structure, function and evolution . Washington DC: American Society for Microbiology, 1990:292, with permission.)

Termination

An aminoacyl-tRNA with an anticodon for UAA, UGA, or UAG does not exist. Rather than the RNA-RNA interactions which normally occur in decoding, termination 
codons interact with protein factors for catalysis of the termination reaction. These proteins, called release factors, are found in both prokaryotes and eukaryotes. 
They recognize and decode the termination codons by an as-yet unknown mechanism.

Bacteria have two release factors (RF): (a) RF1 recognizes UAA and UAG; (b) RF2 recognizes UGA and UAA. RF1 gene has a single reading frame which is directly 
translated into RF1 protein. RF2 gene is in two open reading frames requiring a +1 frame shift for the entire RF protein to be synthesized. The first reading frame is 
terminated by an RF2-specific codon, UGA. It is postulated that RF2 is autoregulated. Evidence to support this idea was obtained from in vitro translation experiments 
in which addition of purified RF2 caused a significant decline in RF2 synthesis. 365 Other experiments using a LacZ-RF2 fusion gene construct further demonstrated 
that RF2 frameshifting occurred 30% to 50% of the time.366,367 The autoregulated mechanism would terminate protein synthesis at the first open reading frame 
termination codon when RF2 was in excess or unneeded. A frameshift would result in synthesis of both open reading frames yielding the RF2 protein when it was 
needed to terminate protein synthesis. 368,369

The way RFs recognize termination codons remains unknown. However, there is evidence to support the idea: (a) that RFs bind directly to the termination codon; and 
(b) that rRNA is involved in this recognition mechanism. Competition experiments showed that repressor tRNA can compete with RF2 for binding to the termination 
codon, demonstrating that RF2 binds directly to the anticodon. 370 Other binding studies demonstrated that RF2 can bind termination codon UGA with a tenfold greater 
affinity than UAG in the presence of ribosomes, but does not bind UAG without ribosomes. 371 The RF2 in-frame UGA codon used when frameshifting occurs has a 
short sequence immediately upstream of UGA which interacts with the Shine-Dalgarno region of the 3' 16S rRNA. 367,372 This probably facilitates binding of RF2 to the 
appropriate termination codon just as it did for the AUG codon/tRNA in initiation.

Eukaryotic cells have only one release factor— eRF—which requires GTP for it to bind ribosomes. It is thought that eRF has a common recognition site for all three of 
the eukaryotic termination codons and that all three codons compete with each other to form the eRF-ribosome complex. 373 However, Brown and co-workers proposed 
a model for termination recognition in eukaryotes. They analyzed sequences surrounding the natural termination codon and found that UAA(A/G) is the codon and 3' 
nucleotide most preferred by eukaryotes. Based on this data they proposed a “tetranucleotide” termination signal which is recognized by RF rather than the 
trinucleotide. They further suggest that the total GC content of the mRNA would influence whether an A or G was selected in the fourth position. 374,375

Stop codons do not always signal termination of protein synthesis. They can be read incorrectly by a normal or a suppressor tRNA and can incorporate an amino acid 
rather than terminate protein synthesis.

Regulation of Translation

When all of the tightly woven intricacies of translation are considered, it should not be a surprise that there are some regulatory mechanisms involved with the 
process. The regulatory differences between prokaryotes and eukaryotes are quite unalike. Prokaryotes have two basic regulatory mechanisms: (a) alteration in 
mRNA structure; and (b) repressor/activator proteins which bind to mRNA. Unlike prokaryotes, eukaryotes do not have mRNA-binding proteins, that is, 
repressor/activators that regulate translation. In eukaryotic cells, each protein is made in amounts proportional to the concentration of mRNA. For example, if the cell 
synthesizes more ribosomal proteins than the ribosomes can use, the ribosomal proteins are degraded. Many of the translational regulatory mechanisms in 
eukaryotes are reversible phosphorylation events with some examples of autoregulated translation.

E. coli and some bacteriophages have ribosomal proteins (rp) which regulate translation by binding mRNA and acting as a repressor of protein synthesis. Most 
translational repressor proteins bind a specific nucleic acid site having a characteristic stem-loop structure. The unpaired loop region frequently constitutes the 
binding region in these structures. 376,377 and 378 Nomura suggested that initiation may be regulated via these secondary structure formations. He thought that sites on a 
repressor molecule which bind mRNA may be homologous with the sequences in rRNA which bind the ribosome binding site (RBS). If that was the case, the repressor 
protein may compete with rRNA for the RBS thereby inhibiting protein synthesis. 379 Specific examples of this are found in E. coli L1, L10, and S4 repressor proteins. 
All three bind to a hairpin loop located very near the ribosome-binding site. This brings the repressor protein in close proximity to the Shine-Dalgarno and initiation 
site, thus interfering with rRNA accessibility to the RBS. The binding sites for L1 and L10 repressor proteins are hairpin loops located very close to the ribosomal 
binding site.380,381 The ribosome repressor S4 binds a GGGC sequence in a stem loop distal to the RBS. The GGGC forms complementary base pairs with sequences 
located immediately downstream from a GUG initiator codon. This type configuration, called a pseudoknot, puts S4 in close proximity to the initiation site, where it acts 



as an initiation repressor. 382

Frameshifting is a translational event where the mRNA in the ribosome complex moves one nucleotide such that the pairing between the codon and anticodon in the P 
site is broken, allows pairing to occur with the nucleotide in the next codon, and in so doing has shifted the reading frame. A well-documented example is the +1 
frameshift in translation of E. coli release factor 2 mRNA, as discussed earlier. Frameshift is also found in eukaryotes. For example, expression of the mammalian 
gene, ornithine decarboxylase (ODC), is needed for polyamine biosynthesis. When the ornithine decarboxylase antizyme protein binds to ODC, it targets ODC for 
ubiquitin-proteasome degradation. When the concentration of polyamines is high, it causes a frameshift in antizyme mRNA, resulting in more antizyme synthesis. 
More antizyme synthesis regulates the rate/degree of ODC degradation. 383,384,385 and 386 Further stimulation (2.5-fold) of the frameshift is provided by a 3' pseudoknot 
(stem loops whose sequence can pair with down- or upstream sequences) in the mRNA structure three nucleotides from the frameshift site. 386,387

Frameshifting is a common regulatory event in expression of retroviral proteins. The common shift is a –1 at a heptanucleotide sequence that results in a gag-pol 
fusion protein rather than a gag or pol protein. This shift occurs at a particular stage in the life cycle of the virus. 388,389,390,391,392,393 and 394 Reversible phosphorylation is 
not an uncommon event in translational regulation in eukaryotes. Some steps in formation of the preinitiation complex are able to be regulated through reversible 
phosphorylation of initiation factors. The best-documented example is the phosphorylation of eIF2. As mentioned earlier, eIF2-GTP is bound to the 40S ribosomal 
subunit in the preinitiation complex. GTP hydrolysis causes a conformational change in eIF2, causing it to dissociate from 40S as an eIF2-GDP complex. Since eIF2 
binds GDP with a 400-fold greater affinity than GTP, 312 it requires a guanine nucleotide exchange factor—GEF—to mediate the GDP to GTP exchange with eIF2. This 
is a rate-limiting step in protein synthesis because eIF2 must be bound to GTP in order for the factor to be recycled for a subsequent preinitiation complex formation. If 
an eIF2 alpha subunit becomes phosphorylated, then GEF has a 100-fold increased affinity for the phosphorylated eIF2, forming an eIF2(aP)-GDP-GEF complex. 
GEF is not an abundant protein and becomes less available. In fact, all of the available GEF can potentially become bound to eIF2(aP), stopping all new protein 
synthesis.395 One example of eukaryotic autoregulation of translation is observed in alpha and beta tubulin. These proteins are the major constituents of tubulin, 
forming a heterodimer consisting of one alpha and one beta polypeptide. These heterodimers regulate the stability of tubulin mRNA. 396,397,398 and 399 Other requirements 
which are necessary for autoregulation are polysome-bound tubulin mRNA, free tubulin, and four specific amino-terminus b.-tubulin amino acids. Translation of the 
first 13 nucleotides of b.-tubulin mRNA (the first four amino acids are Met-Arg-Glu-Ile in b.-tubulin) is necessary for autoregulated destabilization/degradation of 
polysome-bound tubulin mRNA.400,401 and 402 Although the exact mechanism for this example of autoregulation remains unclear, it is known that continued elongation of 
the polypeptide being synthesized from the b.-tubulin mRNA is a necessary step for autoregulated degradation of b.-tubulin mRNA bound by polysomes. 403

A second example of autoregulation of eukaryotic translation is found in the mRNA for ferritin and the transferrin receptor. In higher eukaryotes, iron uptake and 
detoxification are regulated by two proteins, ferritin and the transferrin receptor. Once in the cytoplasm (delivered via the receptor-mediated endocytosis), iron is either 
utilized or, if in excess, is sequestered in ferritin. 404,405 and 406 The expression of both proteins is highly regulated by the amount of iron present in the cell. The number 
of receptors increases with an iron deficiency, and conversely the number of receptors decreases with an abundance of iron. Ferritin is decreased proportionately to a 
decrease in iron and increases with an iron increase. Both of the proteins have a cis-acting iron responsive element, IRE, 407,408 whose location is variable. It can be 
found in either the 5' untranslated regions (UTR) or 3' untranslated regions (UTR) of mRNA. An IRE-binding protein 409,410 can repress translation if it binds the IRE 
located in the 5' UTR. However, when this IRE-BP binds the IRE in the 3' UTR of the transferrin receptor mRNA, it represses the degradation of mRNA. Therefore, this 
IRE-BP can regulate translation by: (a) increasing the amount of transferrin receptor synthesis, thereby repressing degradation of mRNA; (b) downregulating 
expression of transferrin by binding the IRE in the 5' UTR in the transferrin mRNA. 407,408 Deletion analysis studies showed that a 350 base pair region in the 5' UTR is 
necessary and sufficient for these iron translational regulation mechanisms. 407

There is a 680 nucleotide fragment in the 3' UTR of the transferrin receptor that has been found to be necessary for iron-dependent regulation. Within the 680 
nucleotide region are five stem loops whose structure resembles the secondary structure found in the 5' UTR of the ferritin mRNA. 407,408 In fact the 3' UTR containing 
the transferrin receptor IRE could be substituted for the 5' UTR IRE in ferritin mRNA and regulate translation of ferritin mRNA. 409,410

GCN4 is a transcriptional activating protein of yeast Saccromyces cerevisiae. It activates transcription of more than 30 genes in response to amino acid starvation. 
The expression of GCN4 itself is transcriptionally regulated by the amount of available amino acids. The GCN4 mRNA leader sequence has four upstream open 
reading frames (uORF) which inhibit translation of GCN4 when amino acids are abundant (nonstarvation). The uORFs are bound by negative regulatory proteins 
encoded by the GCD gene. Upon amino acid starvation, GCN2 and GCN3 gene products act as positive regulators by antagonizing the GCD protein's negative effect. 
The result is increased translation of GCN4 mRNA. 411 uORF3 and 4 in GCN4 mRNA inhibit GCN4 mRNA translation much better than uORF1 and 2. It has been 
demonstrated that uORF2 is more repressive than uORF1 because it is in closer proximity to the GCN4 AUG codon. 412,413 Hinnebusch's group showed that replacing 
the last codon and ten additional double-stranded nucleotides from uORF4 with the same nucleotides located in the uORF1 increased the repressor activity of uORF1 
tenfold. It was proposed that this was due to the important relative distance of the termination codon of uORF1 to the AUG site in GCN4 mRNA. 414

The general description and illustrations tend to give the reader the misconception that these beautifully designed and organized translational (like transcriptional) 
mechanisms are fail-proof (or nearly) systems. However, as in all replication, transcription, and translation reactions that function with precision, we hear ourselves 
frequently using the word “fidelitous.” For a molecular biologist, fidelity means “exactness, as in a copy.” How frequently can we expect to find error in the 
incorporation of the correct amino acid based on the genetic code? There is approximately one error for every 10,000 amino acids synthesized. 415

The way in which the mRNA codon and tRNA anticodon interact has a major impact on fidelity and/or efficiency in incorporating the correct amino acid. These 
interactions can be less precise when: (a) the tRNA structure is altered through point mutation, modification of tRNA bases, or a point mutation in the tRNA gene; (b) 
changes occur in the mRNA sequence or the context of the codon.

Protein Modifications

Newly synthesized proteins must be directed to the compartment where they perform their function ( Figure 1.27). Most soluble proteins are synthesized on free 
ribosomes in the cytosol, which is also where they are generally needed. Proteins that function as membrane or transported proteins are synthesized on the 
ribosomes attached to the surface of the ER. Protein sorting begins in the ER, and certain proteins are restricted to either smooth or rough endoplasmic reticulum. 
The newly synthesized protein is transported through a hydrophilic channel whose function is to translocate proteins for secretion as well as inserting membrane 
proteins into a lipid bilayer. The channel is part of a complex that has a defined function in transport of each specific protein by either a cotranslational or 
postranslational mechanism. In cotranslational translocation, the growing polypeptide chain is simultaneously being transported and synthesized, whereas a 
posttranslationally translocated protein is first synthesized, then transported.

FIGURE 1.27. Proteins are synthesized on ribosomes located in the cytoplasm or bound to the endoplasmic reticulum. The proteins are then directed to the cellular 
compartment where they perform a specific function. (From Lewin B. The apparatus for protein localization. New York: Oxford University Press, 1990:279, with 
permission.)

Proteins that are co- or posttranslationally transported are synthesized with a short peptide on the amino terminus called a “signal peptide” in eukaryotes and a 



“leader sequence” in prokaryotes. In cotranslationally transported proteins, the newly synthesized signal peptide emerges from the ribosome and is recognized and 
bound by a signal recognition particle (SRP). The SRP then binds tightly to the ribosome, causing a pause (elongation arrest) in translation of the new protein. A 
complex made up of a ribosome, SRP, and a nascent protein with a signal sequence is needed for translocation or integration across/into ER membrane. The SRP 
interacts with the SRP membrane receptor. SRP is released from the complex, and the ribosome forms a junction with the ER membrane. This series of interactions 
targets the signal peptide to the ER membrane (Figure 1.28). Proteins that are posttranslationally translocated also have the same signal peptide, but the mechanism 
by which it functions in transport is still undefined.

FIGURE 1.28. Signal peptides are sets of specific sequences on the amino terminus of the newly synthesized peptide. They function to transfer the protein to a 
membrane receptor. (From Lewin B. The apparatus for protein localization. New York: Oxford University Press, 1990:185, with permission.)

The channel through which the proteins are transported/translocated also requires a Sec61P complex (eukaryotes) or a SecYEG complex (prokaryotes), a ribosome if 
translocation is cotranslational, Sec62/63P complex and BIP protein in yeast, or Sec A in bacteria. The signal sequence of the translocating substrate induces the 
opening of the Sec61 channel in the lumenal direction. Sec61p and ribosome form a tight seal over the channel, allowing the translocating polypeptide to move in only 
one direction, from the ribosome through the pore and into the ER lumen. Furthermore, the positioning of the ribosome over the pore forms a tight seal 416,417,418 and 419 
that prevents other molecules from crossing the membrane along with the polypeptide. The exact mechanism by which the channel opens/closes and/or the 
components required for formation of the channel remain unknown. Interestingly, the Sec61p complex can transport proteins from the ER to the cytoplasm. This 
reverse transport is termed “retrograde” transport. 420,421

The inside of the channel must open in order for transmembrane sequences of integrated membrane proteins to become localized in the lipid bilayer. This is an even 
more complex situation because the transmembrane proteins must cross the membrane more than once, therefore requiring a much greater level of control in opening 
and closing of the channel and ribosome binding to the channel. The details of a model remain uncertain. 422

Proteins translocated to the ER lumen undergo further modifications and sorting to provide them with direction to their destination. Posttranslational modifications are 
additions of side chain groups to a polypeptide chain that is forming bonds necessary for a protein to fold properly or to be held in a particular configuration or location 
(Figure 1.29). The endoplasmic reticulum lumen is the primary location for proteins undergoing folding and modification. This compartment ensures that only those 
proteins that are completely assembled with appropriate folding and modification will be allowed further transport in the secretory pathway. Those proteins that do not 
meet that criteria are selected out by the ER-associated protein degradation pathway. While proteins are undergoing the folding process, they have exposed 
hydrophobic regions which cause them to aggregate to bury the hydrophobic domains. Aggregation causes proteins to fall out of solution; therefore it takes longer for 
them to become properly folded and exit the endoplasmic reticulum lumen. 423 Other proteins are retained in the ER and selected for degradation despite the lack of an 
aberrant nature. The secretion of such proteins can be dependent upon the differentiated state of the cell, as seen with IgM 424,425 and 426 or the metabolic status of the 
cell.427,428 and 429

FIGURE 1.29. Posttranslational modifications of proteins are additions of side chain groups to newly synthesized peptide. These modifications are necessary for a 
protein to be properly folded. (From Alberts A, Bray D, Lewis J, et al. Intracellular sorting and maintenance of cellular compartments. New York: Garland Publishing 
Inc., 1989:405, with permission.)

The ER serves as a “quality control” checkpoint making certain that newly synthesized proteins are properly folded, processed, and assembled before they leave the 
ER. Those proteins that do not pass the criteria for further transport are selected for degradation by the endoplasmic reticulum-associated protein degradation 
pathway (ERAD). The ER lumen contains chaperone proteins that are involved with selection of proteins for the degradation process. 430,431 and 432 There is recent 
evidence to show that newly synthesized proteins transported to the ER and subsequently selected for degradation are transported back to the cytosol, where they 
are degraded by the proteasomes.433,434,435,436 and 437 To exit the ER, the aberrant proteins utilize the Sec61p complex retrograde transport mechanism.

When the retrograde transported proteins reach the cytosol, they undergo a posttranslational modification that adds ubiquitin to the protein, marking it for degradation 
in the proteasome. A proteasome is where most eukaryotic cellular protein degradation occurs, and is part of an ATP-dependent pathway. Proteasomal degradation 
by means of the ubiquitin-proteasome pathway is a highly selective, highly regulated form of posttranslational modification. In this process, single or multiple ubiquitin 
molecules are conjugated to a protein. Following the ubiquitin conjugating process, the protein is degraded by a proteasome consisting of a 26S protease complex 
that contains a 20S protease catalytic core. 438,439,440,441,442 and 443 By itself, the 20S core functions as a proteasome, capable of degrading small peptides or proteins that 
are already denatured,442,444 whereas the 26S complex is required for degradation of an intact protein structure. 443,445 When a ubiquitin-bound targeted protein is 
degraded, the ubiquitin(s) are released and reutilized. There is a three-step mechanism for ubiquitin modification of a protein that requires three enzymes—E1, E2, 
and E3. E1 is a ubiquitin-activating enzyme that catalyzes the ATP activation of a ubiquitin C-terminal Gly to a thiol ester intermediate. The ubiquitin intermediate is 
then transferred to a substrate (protein targeted for degradation) that is bound by E3, a ubiquitin-protein ligase. The transfer of the ubiquitin intermediate to the 
substrate requires E2, the ubiquitin-conjugating enzyme. In the transfer, an isopeptide bond is formed between the ubiquitin C-terminal Gly and an e-amino group on 
a lysine residue in the targeted protein. 441

There are specific examples of regulated protein degradation by the ubiquitin-proteasome pathway: tumor suppressor p53, IkB, yeast transcriptional factors AP-1, 
MATa2 (yeast) and GCN4 (yeast), cyclins that control eukaryotic cell cycle, Mos kinase involved in oocyte maturation, transmembrane proteins such as the T-cell 
receptor, platelet-derived growth factor receptor, and cystic fibrosis transmembrane conductance regulator. 439,442,445,446

Although there is no clearly defined signal for ubiquitin-mediated degradation there are some reports of sequence motifs that have been shown to be involved with the 



selection of a protein for degradation by the ubiquitin pathway. 447,448,449 and 450

Other posttranslational modifications also occur within the cytosol. 451 Many of the cytosolic modifications function to regulate specific protein activity and are often 
reversible (e.g., phosphorylation/dephosphorylation).

The addition of oligosaccharides to a protein is a post-translational modification called glycosylation ( Figure 1.30). Glycosylation was thought to occur in all eukaryotic 
proteins destined for secretion. However, there is substantial evidence that glycosylation of nuclear and cytoplasmic eukaryotic proteins at multiple sites by single 
o-linked N-acetylglucosamine (O-GlcNac) is abundant. In many of the proteins where this is found, this type of glycosylation is found to be reciprocal to 
phosphorylation and on sites similar to phosphorylation sites. This type of glycosylation occurs in response to cellular signals or cellular stages and may, therefore, 
play an important role in regulation. There is evidence that glycosylated proteins exist in the nuclear pore complex and are involved in nuclear transport; 452,453 every 
RNA polymerase transcription factor that has been examined, 454,455,456,457 and 458 as well as the C-terminal domain of the largest subunit of RNA polymerase II; 459,460 the 
transactivation domain of c-myc that binds retinoblastoma;461,462 p53 tumor suppressor;463 microtubule-associated protein tau; 464,465 a 67-kD multiply glycosolyated 
protein that protects initiation factor 2 (eIF2) from phosphorylation, thus enabling the initiation of protein synthesis to continue. 466,467 For recent reviews see 468,469 
and 470.

FIGURE 1.30. Glycosylation is the addition of sugar moieties to a protein. It is thought that these large sugar groups protect the protein from proteolytic degradation. 
(From Singer SJ, Nicolson GL. The fluid mosaic model of the structure of cell membranes. Science 1972:175, with permission.)

Glycosylation does occur in all eukaryotic proteins destined for secretion. For these proteins the sugar moieties can be added in either the endoplasmic reticulum or 
the Golgi. A single oligosaccharide added to the NH2 group of asparagine in the endoplasmic reticulum (N-linked glycosylation) can also be linked to many other 
proteins. The entire glycosylation process involves cleaving parts of the oligosaccharide while it is still in the endoplasmic reticulum, followed by further modifications 
or additions as the process continues in the Golgi. Similarly, addition of an oligosaccharide to the –OH group of hydroxylysine, serine, or threonine (O-linked 
glycosylation) entails multiple enzyme-catalyzed reactions to add sugar groups to the protein. 471,472,473 and 474 These large, protruding oligosaccharide molecules are 
thought to provide protection from protease digestion. 475

Prenylation is the addition of an isoprenyl to a cysteine by a thioester bond ( Figure 1.31) which functions to maintain a protein at either the plasma or internal 
membranes.476,477 There are two primary groups of prenylated proteins: those with a CAAX motif or those with a CC or CxC motif. The CAAX is most commonly found 
whereas the CC or CxC group consists mainly of Rab proteins that are GTP-binding proteins involved in intracellular membrane trafficking. 478 There are three 
enzymes that catalyzes the addition of isoprenoid to the cysteine of a CAAX motif protein. Farnesyl transferase transfers a farnesyl group from farnesyl diphosphate to 
the CAAX-cysteine, geranylgeranyl transferase type I transfers a geranylgeranyl group from geranylgeranyl diphosphate to a CAAX-cysteine, geranylgeranyl 
transferase type II transfers geranylgeranyl groups from geranylgeranyl diphosphate to both cysteins in a CC- or CxC-containing protein. The X in the CAAX motif 
determines which isoprenoid will be added. A protein with a serine, methionine, or glutamine in the X position will have a farnesyl group transferred to cysteine and a 
leucine will signal a geranylgeranyl modification to the CAAX cysteine. 479,480 The CAAX- and CxC-motif proteins undergo a methylation of the terminal carboxyl on 
cysteine following prenylation.

FIGURE 1.31. Some posttranslational modifications hold a protein in a specific configuration at a particular cellular membrane. (From Lewin B. Receptors and signal 
transduction: channels and ion uptake. New York: Oxford University Press, 1994:319, with permission.)

Prenylated proteins are predominant in signal transduction cascades; for example, ras proteins undergo farnesylation of a cysteine at a carboxy CAAX that anchors it 
into the cytoplasmic side of the plasma membrane. This modification is necessary for H-, K-, and N-ras mutants to display transforming capabilities. 480,481,482,483 and 484 
Studies show that not only is the prenylation important for membrane association, but the methylation step enhances 485 the affinity of the protein for the membrane.

Additional stability in a prenylated protein's association with a particular membrane can be provided by further posttranslational modifications such as myristoylation 
or palmitoylation486,487 Myristoylation is the formation of an irreversible covalent bond between 14-carbon unsaturated fatty acid and an amino group of a terminal 
glycine. An interesting example of this is found in the SRC oncogene (protein kinase activity), which has a myristic acid fatty chain covalently linked to an 
amino-terminal glycine. This myristoylation keeps the Src protein in a configuration that enables it to transform normal cells into cancer cells. If this specific glycine is 
changed to an alanine so that myristic acid cannot form a bond, then the src protein functions normally as a protein kinase without transforming cells. 488 Palmitoylation 
entails the linkage of a 16-carbon-chain saturated fatty acid—palmitic acid—to a cysteine residue near either end of the protein. However, it has been shown through 
biophysical measurements that the 14-carbon myristate does not have sufficient binding energy to maintain the association of a protein with a lipid membrane, and 
consequently myristoylated proteins are found in the cytoplasm. 489,490 In situations where a myristoylated protein needs to associate with a membrane in a reversible 
manner, the reversibility of membrane association is regulated by another mechanism, such as guanine nucleotide binding or phosphorylation. 491,492 and 493 
Palmitoylated proteins are almost always membrane-bound and are able to undergo a palmitoylated/depalmitoylated process due to the labile thioester bond between 
palmitate and cysteine residue in the modified protein.

A modified protein will remain in the endoplasmic reticulum if it contains a specific K(H)DEL sequence at the carboxy terminus; 494 membrane proteins have either a 
di-lysine or di-arginine close to the end of their cytoplasmic domain; the di-lysine motif binds COP1, a cytosolic coat protein complex that signals a retrieval of the 
protein from the Golgi back into the endoplasmic reticulum. 495,496 The ER must maintain certain proteins necessary for its function, such as proteins needed for 
translocation and vesicle transport, folding chaperoning, posttranslational modifications, maintenance of a calcium supply, and additional protein needed for ER 



function in a specific tissue type.

Protein Localization

A newly synthesized peptide which has successfully reached the membrane of the ER, crossed the membrane, folded properly, and has been modified as it moves 
through the ER and Golgi is now ready to be transported to its destination. Transportation is done in coated vesicles, which are pinched-off regions of the Golgi 
membrane. The “coat” that covers the vesicle is made up of protein which is identified for direction to the proper membrane ( Figure 1.32). Once the coated vesicle has 
delivered the encapsulated protein to the appropriate site, it becomes uncoated and fuses with the targeted membrane, depositing the protein through the membrane. 
There are specific proteins and ATP associated with the uncoating and fusion process ( Figure 1.33).497,498,499,500,501,502 and 503

FIGURE 1.32. Proteins which have been transported through the endoplasmic reticulum and the Golgi are transported inside small vesicles which are “pinched off” 
from the Golgi membrane. (From Alberts A, Bray D, Lewis J, et al. Intracellular sorting and maintenance of cellular compartments. New York: Garland Publishing Inc., 
1989:405, with permission.)

FIGURE 1.33. The coated vesicles which transport proteins deliver their contents to a specific cellular location in a complex with other proteins which are present 
during membrane fusion. (From Lewin B. The apparatus for protein localization. New York: Oxford University Press, 1994:279, with permission.)

CANCER DEFINED AS UNREGULATED TRANSCRIPTION/TRANSLATION

In studying the molecular biology of cancer, the most essential requirement is having access to nucleic acid, that is, DNA and RNA, as well as proteins and other 
macromolecular structures of the cell. Typically, cancer cells that are harvested from an animal contain many normal cellular components, such as matrix substituents, 
vessels, and a diverse group of infiltrating and circulating cells. Additionally, there may be heterogeneity within the cancer cells themselves. Therefore, any 
biomaterial taken from such specimens invariably contain mixtures from varying cell types. Relatively pure cellular preparations can be acquired from in vivo samples 
when flow cytometric techniques are used to separate dispersions of cancer cells gathered from in vivo specimens; however, the number of cells harvested is usually 
limited, and the separation techniques depend on the ready availability of technical expensive equipment and extended acquisition times.

As will be apparent in subsequent chapters, many of the cellular and molecular biologic studies dealing with cancer depend on there being homogenous populations 
of normal and cancerous cells. The methodology of tissue culture, wherein cells are grown ex vivo in a glass or plastic petri dish containing a buffered solution 
supplemented with fetal calf serum or defined medium containing added growth factors, provides a method of growing large numbers of a pure population of cells. 
When normal cells are removed directly from an animal and placed in tissue culture, they are referred to as a cell strain or primary culture. Cells within a primary 
culture grow for a while, usually less than 50 divisions, and then undergo a crisis wherein the vast majority, or all, the cells die. The reasons for and mechanisms by 
which cells within the primary culture die are not understood. 482,504 Rarely, a cellular clone—a population of cells derived from a single cell—will become immortalized. 
That is, the cells will continue to divide in tissue culture, and an established “normal” cell line will be formed. Immortalized cell lines rarely arise from human primary 
cultures but much more frequently result from murine primary cultures. Such cells do not have the characteristics of a malignant or cancerous cell; they are not 
transformed. The immortalized cells, not being malignant, have many of the characteristics of the primary culture. That is, they are still dependent on serum or growth 
factors and usually display cell-to-cell contact or density-dependent inhibition of their growth, and a need for attachment to a solid surface that is manifested by 
cytoskeletal organization that allows the cell to flatten and grow as a monolayer on the petri dish surface. 505 Frequently the immortalized cells do not have the normal 
chromosomal diploid number; rather they are aneuploid. In contrast, malignant cells have gone beyond the stage of immortalization and have transformed to a cell 
that is not contact inhibited, that is they tend to overgrow and pile up, have a tendency to assume a rounded structure and float in the tissue culture medium, have 
less or no dependency on serum factors, and, when injected into athymic or species-specific mice, grow as a tumor with the potential to metastasize—leave the initial 
site of implantation and grow in other sites within the animal. 506 Both primary and immortalized cells can be transformed to a malignant state. It is assumed that the 
immortalized cell with the capability of indefinite growth characteristic has assumed at least one characteristic that is different from a normal primary cell and, 
therefore, has progressed the path from normal to the transformed state. It is also assumed that by investigating the characteristics of malignant cells and comparing 
and contrasting those with normal cells, a molecular basis of cancer can be reached.

Usually multiple changes are required for a cell to become malignant. Normal cells can be made to undergo a malignant transformation by physical (x-ray), genetic 
(tumor viruses), or chemical (chemical carcinogens) means. Carcinogens can either initiate malignant transformation or promote transformation in a cell that has gone 
partially along the path toward malignancy. A means of studying carcinogenic promoters is provided by using immortalized 3T3 cells and exposing them to potential 
carcinogens, followed by noting phenotypic changes in the treated cells, that is, loss of contact inhibition or “focus” formation. 507,508

The genetic events that result in malignant transformation after exposure to agents such as x-rays or chemicals in some cases are beginning to be understood. 
Assuredly, there are certain families, kindred, or individuals who have a genetic predisposition toward cancer. In several instances we know that individuals who 
genetically lack the ability to repair specific types of DNA damage resulting from ultraviolet light exposure (xeroderma pigmentosum) or ionizing radiation (ataxia 
telangiectasia) have a marked propensity for developing cancers. 509,510 Only most recently has additional insight into the mechanisms of malignant transformation 
been achieved by noting how certain viral infections produce cancers. 511

In a number of instances a tumor-promoting virus such as an adenovirus or polyoma virus will infect a cell, undergo intracellular replication, and subsequently lyse the 
cell with release of the viral progeny. Those cell types that allow such a process are not transformable and are said to be permissive. There are instances in which the 
tumor virus infects a nonpermissive cell type—the virus is unable to go further in its life cycle to replicate and lyse the host cell—yet the cell assumes a malignant 
phenotype until the viral genome is degraded or diluted out by host cell duplication. Afterwards the cell assumes a normal phenotype. An abortive transformation has 
occurred. However, in other cases the tumor virus does not replicate and lyse the cell, does not degrade or dilute out, but rather the viral genome integrates into the 
host genome as a provirus. In such a state, viral-origin mRNA is produced that is subsequently processed and translated into protein that results in malignant 



transformation. The gene that produces the protein that results in malignant transformation is referred to as an oncogene. 512,513 and 514

One property of an oncogene is that the transformed cell is released from some aspect of cellular regulation. Frequently, the oncogene (viral oncogene or 
v-oncogene) has a normal cellular component (protooncogene or c-oncogene) that is highly regulated. In the transformed cell either the protooncogene brought in by 
the virus is mutated to a v-oncogene so that it is no longer regulated, or the c-oncogene is introduced into a cell that normally does not express that protooncogene, or 
a c-oncogene is dysregulated by being produced in greater quantity than normal. In each case, the result is that the cell, because of having been infected by a tumor 
virus, has acquired unregulated or new function. Nearly 100 oncogenes have been identified. 515,516

Tumor-promoting viruses are either DNA or RNA tumor viruses. The major DNA tumor viruses carrying oncogenes are papovaviruses (polyoma and SV40 carrying 
T-antigen oncogene), herpes viruses, of which papilloma viruses are known to produce the E6 and E7 oncogenes, Epstein-Barn containing BNLF-1 oncogene, and 
adenoviruses having E1A and E1B oncogenes. Papovaviruses have small genomes containing only a few early genes (large T, small t, and possibly middle T 
antigen) and the late genes which result in viral coat protein. Of the papovaviruses, polyoma viruses have been identified that produce tumors in mice, SV40 in rhesus 
monkey, and BK and JC viruses in humans. SV40 large T antigen has been cloned into cells and shown to be capable of transforming them. Usually a normal cell has 
enough regulatory redundancy to overcome the effect of introducing only one oncogene. The fact that large T antigen as a single oncogene can malignantly transform 
a cell implies that large T antigen either must have multiple cellular functions or affects a major cellular switch that results in a cascade of events that leads to cancer. 
The most frequently seen transformations result from more than one oncogene, which implies that there is cooperativity among oncogenes. Such is the case with 
polyoma virus that produces three T antigens, of which large T antigen promotes indefinite growth and middle T antigen morphological transformation. 517,518

Another class of tumor viruses is the retroviruses that have a RNA genome of approximately 10 kbases. These viruses can effect transformation by at least two 
means. The retrovirus may insert into the host genome in such a manner that the viral LTR (long terminal repeat) acts as a nonregulable promoter of a 
protooncogene. This is seen when a retrovirus inserts itself within the first intron of the nuclear transcriptional factor myc. Myc has three exons, of which in a normal 
cell only the latter two are translated. When a retrovirus containing a LTR promoter inserts into the first intron, exon 2 and 3 are transcribed in excess amounts. The 
consequence of such a genetic event is transformation of the cell. In the example of myc-mediated transformation, a LTR containing potential enhancers can also 
insert both upstream and downstream of the gene and result in excess gene expression. 519,520 Other protooncogenes that have been found to be activated by 
retroviral insertion include c- raf,521 c-mos,522 and c-erbB.523

A more common means by which retroviruses effect malignant transformation is by having an oncogene inserted within their genome ( Figure 1.34). Frequently, the 
protooncogene that is carried by the retrovirus has major deletions ( fms, erbB, erbA, src, myb) or mutations (myc, H-ras, K-ras, sis) within regions of the gene that are 
responsible for regulation of the protooncogene. As would be expected, the retroviral oncogenes usually have a great degree of homology with the corresponding 
protooncogenes. Moreover, the v-oncogenes are invariably derived from recombination between the viral genomic RNA and host RNA, rather than by capturing the 
original DNA-formatted protooncogene, which would be much larger because of the normal dispersed nature of eukaryotic genes.

FIGURE 1.34. Retroviruses: the infectious retrovirus has a complete genome with GAG, POL, and ENV genes, flanked by LTRs. The oncogenic retrovirus has 
replaced the ENV gene with a viral oncogene through a recombination event.

The v-oncogenes can be divided into four major classes. The first class associated with growth factors is v- sis, which corresponds to the normal cellular PDGFB 
chain, v-wnt1, which is related to wingless, and v- int2 and v-KS/hst, which have as a protooncogene counterpart FGF. The class II oncogenes are associated with cell 
receptors and include v-kit, which has as a cellular counterpart (c-kit) the steel receptor, v-erb1 and 2(neu), which have the corresponding c-erb1 and 2(c-neu) coding 
for EGF receptor kinase and receptorlike kinase respectively, v- mas, which is related to c-mas or the angiotensin receptor, and v- fms, which has the corresponding 
protooncogene CSF-1 receptor kinase. The class III viral oncogenes are divided into subclasses that are either membrane-associated or intracellular transducers 
such as v-gsp and v-gip, which are related to G protein/signal transduction, v- ras, corresponding to c-ras, which is a GTP-binding protein, v- src, which is 
membrane-associated and related to the normal cellular tyrosine kinase c- src, or intracellular transducers such as v- abl and v-fps and v-met and v-yes, which are 
related to their corresponding c-oncogenes that function as tyrosine kinases. 481,488,524

Other class III oncogenes that are associated with intracellular transducers are v- raf and v-mos, corresponding to the normal cellular protooncogene c- raf and c-mos, 
which are serine/threonine kinases, as well as the oncogenes that are associated with signaling, such as v- crk and v-vav, corresponding to c-crk (SH2/SH3 regulator 
with phospholipase C activity) and c-vav (SH2 regulator). The class IV oncogenes are nuclear transcription factors and include v- jun, v-fos, v-myc, v-erbA, v-ski, and 
v-myb.525

The most important lesson that the viral oncogene teaches us about cellular regulation is that excess or lack of control of a cellular function leading to stimulation of 
cell growth factor can result in cancer. We also learn from those viral oncogenes having cellular counterparts that oncogenesis generally requires the presence of 
more than one oncogene and that the oncogenes are invariably involved either in those processes that induce a cascade of events resulting in expression of multiple 
genes or where the oncogene itself is a nuclear transcription factor that promotes gene(s) expression. We also learn that protooncogenes that have acquired 
mutations resulting in changes in amino acid residues associated with regulatory regions within oncoproteins may result in malignant transformation. Additionally, we 
have examples wherein certain protooncogenes are expressed in excess quantities and as such produce cancer. Basically, studies elucidating the role of viral 
oncogenes provide information whereby we better understand how in normal cells alteration or mutations within a gene or DNA amplification or chromosomal 
translocations can result in the production of either an aberrant gene product or excess quantities of a gene product that then results in malignant transformation. 
Stated differently, the viral oncogene is a dominant mutation that results in overriding the corresponding normal allelic protooncogene.

Although oncogenes carry us a long way to understanding the mechanisms by which oncogenesis occurs, they do not present us with the possibility of understanding 
how loss of function of a gene may cause cancer. Such cases usually require that both allelic genes be lost, and as such represent the case whereby the normal 
function of the lost genes is tumor suppression. The RB and p53 protein represent such tumor-suppressor proteins. 526,527 Retinoblastoma, osteosarcomas, and small 
lung cancer result from the loss of or mutation within the RB gene from chromosome 13. Papilloma virus E7, adenovirus E1A, and SV40 large T antigen are known to 
bind to RB and as such may result in removing one of the constraints on the path toward malignant transformation. It is now known that RB is a nuclear 
phosphoprotein that functions to regulate the cell cycle. Like RB protein, p53 functions as a tumor suppressor, and like RB, p53 is a nuclear phosphoprotein that 
functions to retard progression of cells through the cell cycle. 528,529 and 530 p53 was originally found to be associated with SV40 large T-antigen. It is known from the 
Li-Fraumeni syndrome that mutation in p53 results in an array of tumor types. Many tumors are found to have increased levels of p53, but in each case such proteins 
are mutated and therefore do not function to restrain growth. Further, p53 probably exists as a tetrameric species that can lose function when just one of the proteins 
within the tetramer is aberrant. The loss of function of p53 results in unrestrained growth of the cell. Unrestrained growth may result in destabilizing DNA that may 
result in less efficient DNA repair with a concomitant increase in translocations and amplification that ultimately predisposes the normal cell to malignant 
transformation.

TECHNIQUES IN MOLECULAR BIOLOGY



Cloning Vectors

As stated at the beginning of the chapter, the techniques employed in molecular biology have allowed the elucidation of complex cellular biologic phenomena. Two 
aspects of bacterial metabolism are the foundational pins of molecular biologic research: (a) the existence of an array of restriction endonucleolytic enzymes, and (b) 
plasmids. Plasmids are small, circular pieces of DNA that exist in many types of bacteria and were initially found in bacteria that had acquired resistance to antibiotic 
treatment. That is, the plasmidal DNA that is not part of the bacteria chromosome (epichromosomal) was providing to the host bacterium a selective advantage by 
carrying a gene that detoxified a given antibiotic. Plasmids possess an origin of replication that allows their replication independent of bacterial chromosomal 
reproduction. Although a bacterium may carry only a single copy of a plasmid, over the years plasmids have been engineered so that large copy numbers—many 
copies of the individual plasmid are found within an individual bacterium—can be accommodated. With their high copy number and ability to be transferred from one 
bacterium to another, plasmids are useful in producing recombinant DNA molecules, since foreign DNA can be inserted into plasmids without inactivating essential 
genes. Additionally, a eukaryotic gene can be placed under the control of an appropriate bacterial promoter within the plasmid to provide means of producing or 
expressing eukaryotic proteins within bacteria, that is, recombinant protein production.

While the vast majority of plasmids are derived from bacteria, there are a few plasmids found in lower eukaryotic cells. In yeast, plasmid 2m exists as an independent 
epichromosomal replication element.531 Many derivative plasmids containing the 2m replication elements have been constructed for use in yeast molecular biologic 
studies. In mammalian cells, plasmids have been constructed based on viral genes that can persist as epichromosomal elements in high copy number. These 
plasmids use replication elements from bovine papilloma virus, Epstein-Barr virus and BK virus, among others, to provide replication capability. 532,533

Restriction Endonucleases

The field of recombinant DNA technology for all practical purposes began with the description in 1970 of the first restriction endonuclease enzyme, HindIII. Restriction 
enzymes are part of the normal armamentarium of bacteria to ward off bacterial-specific viral (phage) infections. The host bacterium modifies its genome by 
methylating its DNA in a species-specific pattern. Restriction endonucleases often do not cut methylated base sequences. Incoming viral DNA, which does not have 
the appropriate methylation pattern, is susceptible to digestion and destruction, and therefore the virus's host range is constrained. Restriction endonucleases fall into 
three broad categories depending on their ability to cleave and methylate DNA. 534 Type I restriction endonuclease enzymes have three protein subunits that are 
responsible for recognition of the target DNA. Their function is methylation if the DNA is recognized as host DNA and cleavage of foreign DNA at a nonspecific site at 
least 1,000 bases away from the recognition site. Type III restriction endonucleases have two subunits, one of which is responsible for recognition and methylation, 
the other for cleavage. Type II restriction endonuclease enzymes, such as HindIII, are those most commonly used in molecular biological applications, because the 
recognition and cleavage activities are on a single protein separate from the methylation activity. There are a number of different restriction enzymes and as such they 
have offered a cornucopia of potential reagents for use by molecular biologists. Depending on the choice of the particular restriction endonuclease enzyme, one can 
cut DNA that contains many different specific sequences of bases, usually a four-to-six-base palindrome. The resulting restriction cut DNA usually has compatible 
ends that can be annealed together and, by subsequent use of ligating enzymes, can be covalently joined together. As an example, the enzyme HindIII recognizes the 
following sequence:

5'-AAGCTT-3'

3'-TTCGAA-5'

and cuts both strands to leave these compatible ends:

5'-A and AGCTT-3'

3'-TTCGA A-5'

The ends can reanneal to form the noncovalently bound sequence as follows:

5'-A*AGCTT-3'

3'-T TCGA*A-5'

The addition of a DNA ligase, such as that from bacteriophage T4, will repair the broken phosphate bond in each strand, resulting in a double-stranded DNA again, 
indistinguishable from the starting material. This technology gives us the ability to cut DNA at reproducible sites and relegate to similarly cut DNA from any other 
source having compatible ends.

Restriction nucleases have become useful tools in genetic linkage analysis. A short, specific DNA sequence having a specific restriction nuclease recognition site is 
selected based on the genetic defect one wishes to identify. The DNA from two different individuals (or normal versus tumor tissue from the same individual) is cut 
with specific restriction endonucleases which create DNA fragments. The fragments are then annealed with a specific probe and visualized on a Southern blot 
autoradiograph. Analysis of the fragment sizes could indicate differences in single base pair change, deletions, insertions, or rearrangements. This technique, which 
is a sensitive means of detecting specific mutations, is called restriction fragment length polymorphism (RFLP). 535,536

The availability of Type II restriction endonucleases has greatly simplified the cloning of DNA. Genomic DNA is cut into manageable pieces by the application of one 
or more restriction enzymes, leaving restricted ends. An appropriate plasmid is cut with the same endonuclease, leaving compatible ends that can then be ligated. 
The two types of DNA are mixed together under conditions that favor annealing of the ends of the plasmid DNA with the cut pieces of genomic DNA, followed by 
treatment with DNA ligase to form covalently bound DNA. The result is genomic DNA incorporated into a circular plasmid. The recombinant DNA within the plasmid is 
then transfected into bacteria wherein the plasmid can be amplified into a source of virtually unlimited quantities of a specific piece of exogenous genomic DNA.

DNA can be isolated from any eukaryotic cell, digested with appropriate restriction enzymes, and the collection of fragments cloned into plasmids. These plasmids can 
then be transfected into bacteria and amplified. The collection of DNA fragments, taken together, is called a library and represents the total genome divided into small, 
manageable pieces of DNA that can be individually isolated and amplified. The ability to clone DNA allows researchers to sort through an entire genome to find a 
particular gene of interest.

The most commonly used plasmid for DNA cloning has been pBR322 that was originally isolated from E. coli (Figure 1.35). Since pBR322 allows for only single copy 
plasmid per bacteria, other high copy number plasmids have been constructed, either as derivatives of pBR322 or from other sources. No matter the source of the 
plasmid, they all function in a fashion similar to pBR322. pBR322 is capable of accepting a piece of foreign DNA of up to 10 kbase pairs, approximately two and a half 
times its own size. The cloning of larger pieces of DNA causes the plasmid to become unstable, thereby slowing plasmid replication and causing the bacteria to delete 
the excess DNA. For these reasons other cloning systems have been developed which are more versatile than pBR322-like plasmids.



FIGURE 1.35. pBR322: a common plasmid found in E. coli and the basis for many artificial plasmids. Tc confers tetracycline resistance; Ap confers ampicillin 
resistance; ORI, origin of replication, allows the plasmid to be replicated epichromosomally.

Phage l is a virus or bacteriophage that infects E. coli. Its normal genome is approximately 50 kbase pairs packaged into a protein coat for infection. Packing of l 
phage DNA can be accomplished in vitro, that is, outside a cell, by mixing the purified components of the phage together in a test tube. Normally l phage DNA forms 
long, multigenomic strands that are cleaved by a phage enzyme into the appropriate sizes for assembly into the coat protein structure. The l DNA sequence that is 
specifically cut is the cos site located at either end of the strands of the l genome. Since l has about 15 kbase pairs in the center of the genome that are not essential 
for replication, modified l cloning vectors have been developed in which the nonessential sequences have been removed so that foreign DNA to be cloned can be 
inserted.537 l containing the foreign DNA is allowed to assemble into the infectious viral coat for use in transfecting E. coli. Each virally infected bacterium is carrying 
an individual l containing one segment of foreign DNA, not more than 15 kbases, to be subsequently isolated for study ( Figure 1.36).

FIGURE 1.36. Production and screening of a cDNA library. cDNA is ligated to the arms of phage l, which can self-assemble in vitro. The phage infect E. coli, which are 
plated on agar. When colonies appear, a filter is laid on top of the plate, then the filter is hybridized with a synthetic DNA probe.

Unfortunately, for some purposes even longer pieces of genomic DNA are required for study. For such studies segments of DNA of 35 to 45 kbase pairs in length can 
be cloned into l phage using cosmid vectors. These cosmid plasmids containing a cos site, without any of the other phage genes, can be amplified in bacteria. When 
cleaved with appropriate restriction endonuclease enzymes and ligated to foreign DNA, the cosmid and foreign DNA form long linear chains or concatemers 
separated by cos sites. The concatemers can be cut by l protein A, which recognizes the cos sequence, and subsequently packaged into a viral coat for subsequent 
bacterial transfection. Within the bacterium the cosmid DNA circularizes because of the cohesive cos site sequences on either end of the recombinant l. Besides 
containing the foreign DNA and cos sites, the cosmid contains an origin of replication for intrabacterial replication and a gene(s) for antibiotic selection. The 
consequence of such a construction is that bacteria that do not contain the transfected cosmid will be killed when exposed to a selected antibiotic; whereas the 
bacteria containing the cosmid will be replicated and the foreign DNA contained within the cosmid will be amplified.

Libraries

Although genomic libraries are important, when one wishes to study which genes are being expressed within a particular cell it becomes necessary to isolate mRNA. 
Libraries constructed from DNA retro transcribed from mRNA are called cDNA libraries. 538 To produce a cDNA library it is first necessary to reverse transcribe mRNA 
into DNA. Reverse transcriptase is an enzyme that uses RNA as a template to produce DNA. So once mRNA is isolated, DNA can be produced for packaging into a 
plasmid (Figure 1.37). Since most mRNA molecules contain poly(A) chains at their 3'-end, a short section of single-stranded synthetic poly(T) can be used to hybridize 
to the poly(A)-end of mRNA. The poly(T) then serves as a primer for reverse transcriptase, in the presence of the four deoxynucleotides A, T, G, C, because of its 
polymerase activity to produce a single strand of DNA complementary (cDNA) to the original mRNA. The resulting hybrid molecule is made of one strand of RNA and 
one of cDNA. The RNA can be removed by RNase H and the subsequent single-stranded DNA made into double-stranded DNA by DNA polymerase I. The resulting 
double-stranded DNA can be ligated into a plasmid or a cosmid to produce a cDNA library.

FIGURE 1.37. Production of cDNA from mRNA. Isolated mRNA contains a poly(A) tail which binds a synthetic poly(T) primer. Reverse transcriptase extends the 
primer, using the mRNA as the template. RNase H and DNA polymerase remove the RNA strand, leaving fragments of DNA. T4 polymerase fills the gaps, leaving 
double-stranded DNA. T4 ligase adds synthetic linkers containing restriction enzyme sites on the ends, ready to ligate into a cloning vector.

After a cDNA library has been made and amplified, it is necessary to screen the library to find the bacteria containing the cDNA of interest. The technique of filter 
hybridization allows tens of thousands of bacterial clones to be tested at the same time for the presence of an individual segment of DNA. Bacteria are spread on an 
agar plate and allowed to form colonies. Each colony is derived from a single bacterium that has been transfected, so all the bacteria in the colony carry the same 
piece of cloned DNA. However, each colony on the plate contains a different piece of cloned DNA. A nitrocellulose filter is laid over the plate, whereupon some of the 
bacteria from each colony stick to the filter. The nitrocellulose filter is removed and treated to lyse the bacteria and remove proteins, RNA, and the remaining DNA is 
fixed to the filter. A probe is made consisting of a short piece of DNA complementary to the cDNA sequence of interest and either radioactive or light-emitting. The 
probe is allowed to hybridize to the filter, that is, to bind to complementary DNA by specific base pairing. After the hybridization has occurred, the excess probe is 
removed and the nitrocellulose filter is placed on photographic film. Those colonies retaining the probe will cause black spots on the film ( Figure 1.36). When the film 
is developed, the original colony containing the cDNA of interest can be identified and the bacteria grown in large quantity to provide DNA for further study.

Expression libraries are used to isolate cDNA which codes for the expression of a particular protein. A cDNA library is made as described above, using expression 
vectors—plasmids which allow the inserted foreign DNA to be transcribed into RNA and translated into protein. The bacteria or yeast containing the plasmid library 
are plated on agar to form colonies and overlaid with a nitrocellulose filter to pick up a sample of each colony. The filter is incubated with antibody directed against the 
protein of interest, which binds to the colonies producing that protein. The antibody can then be visualized using standard histochemical techniques, identifying the 
colonies producing the recombinant protein, and these colonies can then be grown in culture, producing large quantities of the protein.

Transfection

For simple plasmids containing recombinant DNA that one wishes to amplify, one must be able to target or transfect the plasmid into the desired cell. Although viral 



transfection systems like l phage are convenient because the virus infects the cells and delivers the recombinant DNA to the interior of the cell for subsequent 
amplification, the host range for transfection is limited to the range of cells that the virus can infect. Therefore, extensive effort has gone into devising chemical and 
mechanical techniques to facilitate transfection. Previously, the most commonly used method for introducing a plasmid into eukaryotic cells consisted of mixing the 
plasmid DNA in a phosphate buffer with calcium chloride that precipitates the DNA as the calcium salt. When the precipitated DNA is added to cultured cells, the DNA 
is taken up by endocytosis and some of the DNA is transported to the nucleus wherein genes encoded on the DNA can be transcribed. Although calcium phosphate 
transfections has been used extensively with a variety of fibroblast and epithelial cells, producing stable transfection rates in as high as 10% to 50% of the cases, 
other cells such as immunocytes are poorly transfected by calcium phosphate. In addition, calcium phosphate has been found to be toxic to many cell types at the 
concentration needed for transfections. Therefore, other transfection methods have been devised.

Among the other transfections methods, Polybrene (Abbott Laboratonica, Abbott Park, IL) has been used to facilitate retroviral transfection. Polybrene, being a 
poly-cation, binds to the negatively charged retroviral coat, thereby removing the negative charge and leaving a positively charged surface on the retrovirus that is 
then more efficiently bound to the negatively charged surface of the cell to be transfected. The Polybrene method has been extended to use with plasmidal DNA 
because the poly-cation is attracted to the negatively charged DNA and facilitates DNA adhering to the surface of the cell. 539 Then dimethylsulfoxide (DMSO) is added 
to the mix to make the cell membrane more permeable, thereby causing uptake of the membrane-bound DNA, of which some is transported into the nucleus to be 
subsequently expressed or integrated into the host genome. Polybrene/DMSO has been reported to produce stable transfectants at a frequency of 0.01% to 0.1%.

When lipids are mixed in an aqueous environment under the right conditions, they are capable of forming small vesicles composed of bilayers with negatively charged 
groups on both sides of the bilayered membrane and enclosing an aqueous center; that is, a liposome is formed. Liposomes are frequently used to entrap 
small-molecular-weight chemicals within the aqueous center and subsequently fuse the chemical-carrying liposome with the membrane of a cell. By such means, one 
can deliver into the cell small molecules and occasionally larger protein structures. Unfortunately, plasmid DNA is much larger than simple proteins, and as such 
simple liposomes, although exceedingly interesting as drug carrier systems, have had limited success as DNA delivery systems. To overcome the limitation of simple 
liposomes, cationic liposomes have been developed which are made from a synthetic positively charged lipid, N1-(2,3-dioleyloxy)propyl]-N,N,N-trimethylammonium 
and dioleoyl phosphatidyl ethanolamine. 540 The mixture is marketed under the trade name Lipofectin (Life Technologies, Gaithersburg, MD). When Lipofectin is mixed 
with polyanionic DNA or RNA, complexes form that capture the nucleic acid with high efficiency. Due to the cationic nature of Lipofectin, the liposomes bind with high 
avidity to the negatively charged surface of the cell and fuse with the membrane, thereby discharging DNA into the cell without being engulfed and subsequently 
lysosomally degraded. Lipofectin has been used to transfect DNA as large as 130 kbases, as well as to transfect mRNA directly into cells, a capability not found with 
the use of other transfection systems.

In a conceptual fashion similar to the Lipofectin poly-cationic molecule used for transfection, poly- L-lysine has been used as a DNA carrier molecule for transfection. 
Poly-L-lysine, being a positively charged polypeptide, is capable of complexing negatively charged DNA. If appropriate targeting molecules are covalently bound to 
the poly-L-lysine, the resulting DNA/polylysine complex can be targeted to specific cellular receptors for uptake. For example, asialogalactosyl- poly-L-lysine has been 
used to target DNA to a unique receptor on the surface of hepatic cells, resulting in successful in vivo transfection.541 Transferrin-poly-L-lysine has also been used to 
transfect a variety of cells using the transferrin receptor. In both cases, however, most of the DNA is degraded after endocytosis in lysosomes, and the intracellularly 
remaining DNA is not targeted to the nucleus for expression.

Adenoviruses infect a wide variety of cell types and have the useful property of being endocytosed yet not lysosomally degraded. Spike proteins on the surface of the 
virus cause disruption of the endosome before being taken up by the lysosome organelle. Additionally, once inside the cell, adenoviruses are transported in their 
entirety into the nucleus. With such properties, it is not surprising that adenovirus constructs have been engineered to effect transfection. Among the adenovirus 
transfection systems, one consists of a genetically engineered antigen on the surface of the virus coupled to poly- L-lysine bound to an antibody that can target 
specific antigens on the surface of a cell. 542 Upon mixing DNA with the adenovirus particle/polylysine/antibody, a complex is formed that can be used to deliver DNA to 
the surface of the cell, which is subsequently endocytosed, disrupted within the cytoplasm, and targeted to the nucleus. Such a transfection system is attractive 
because there is no size limitation to the transfected DNA and the adenovirus does not need to be infective to result in efficient transfection. In fact, the chicken 
adenovirus CELO, which is completely noninfectious to mammalian cells, has been successfully used to transfect DNA into mammalian cells. 543

In addition to the chemical means mentioned above, physical means have been developed to transfect DNA into cells. When cells are placed in a strong DC electrical 
field, pores appear in the cell membrane, allowing intracellular molecules to escape and extracellular molecules to enter. 544 This technique of introducing molecules 
into cells, called electroporation, has been used extensively to transfect DNA into many types of mammalian cells and numerous species of yeast, bacteria, and 
plants. Electroporation is now the most commonly employed method in the research laboratory to transfect DNA into cells. However, because of the requirement for 
electrical fields in the range of 500 per V cm in mammalian cells, electroporation can be used only ex vivo and with small numbers of cells. Unfortunately, the greatest 
transfection efficiencies are found under conditions causing 50% to 90% cell death; therefore electroporation, although an efficient laboratory tool, has limited use in 
clinical application.

Biolistics is a unique form of DNA transfection which uses accelerated gold microspheres to carry DNA into cells. 545 In this method, the DNA-coated microspheres are 
accelerated to high velocity by helium gas and then physically shot into cells. Biolistics has been used to transfect DNA into a wide variety of plant and animal cells 
and potentially can be used in vivo. Recently, biolistics transfection was used to transfect DNA for HIV gp120 into mouse muscle cells that had been surgically 
exposed for this purpose. The DNA transfected in this manner was shown to express glycoprotein, as demonstrated by the host developing an immune response to 
gp120.

After DNA has been transfected into a cell, it exists epichromosomally or separate from the host's chromosome. Genes within epichromosomal DNA can be 
expressed; however, the expression will be transient, lasting at best only a few weeks, the time in which the DNA is degraded. In mammalian cells, such 
epichromosomal DNA is inherently unstable because the foreign DNA is subject to degradation or dilution as the cell continues to divide but the plasmid does not. The 
exception to this in mammalian cells is EB virus or bovine papilloma virus vector constructs that can remain epichromosomal, as was discussed earlier. At a very low 
frequency, plasmids will recombine with chromosomal DNA to become integrated into the genome. Such intragenomic incorporated genes can be stably expressed for 
the life of the cell and are passed on to the daughter cells like any other chromosomal gene.

Because of the inherent limitation of most of the transfection methods discussed so far producing primarily transient transfectants, much effort has gone into 
identifying methods to effect efficient integrated transfection. To that end numerous eukaryotic viral vectors have been studied. The most successful viral transfection 
systems to date have been those derived from retroviruses. Retroviruses have a relatively small genome (less than 10 kbases) made of RNA composed of a small 
number of genes, most of which can be removed and replaced. Most important, particularly for gene therapy, is that retroviruses efficiently integrate their genome into 
the host's genome, thereby effecting a permanent transfectant. A normal retrovirus consists of a protein capsid coat surrounding the diploid RNA genome and an 
envelope derived from the membrane of the cell in which the retrovirus was made. Protruding from the host-derived membrane envelope are envelope glycoproteins 
which are needed for binding to the target cell during the infectious phase of the life cycle of the virus. Once the retrovirus attaches to the specific receptors on the 
cell that is being infected, it is endocytosed. The envelope fuses with the endocytic vesicle, with subsequent release of the viral capsid into the cytoplasm. Once 
inside the cytoplasm, the host cell provides a tRNA molecule that is used by the reverse transcriptase to synthesize its genome in a circular DNA format. Once the 
DNA has been synthesized, then integrase, a viral protein found within the viral capsid structure, attaches to the virally derived DNA and also to the host genomic 
DNA. The viral genome, in the form of DNA, is then integrated into the host chromosome. From that point the integrated retroviral genome is a permanent part of the 
cell's genome, passed on to daughter cells like any other gene. After integration into the host genome, the virus makes full-length mRNA transcripts of its genome. 
The long terminal repeats (LTR) which are found on both the 5'- and 3'-end of the viral genome contain the viral promoter plus enhancer elements that vary as a 
function of the individual retroviral type. The mRNA copies of the viral genome can be either packaged as the genome of the daughter viruses or translated into 
protein.

Retroviruses are valuable vectors for transfecting DNA because the gag, pol, and env genes which code for the capsid proteins, reverse polymerase, and envelope 
proteins can be removed from the viral genome and replaced with foreign sequences without destroying the infectivity of the virus. Packaging cell lines have been 
engineered which do not produce infectious virions because they lack retroviral genomes with the psi packaging signal but yet are capable of producing all the 
proteins necessary to build a retrovirus. 546 When an appropriate genome is introduced into a packaging cell line, viruses are made which carry the altered genome 
and are made of the proteins from the packaging cell line. Such viruses are capable of infecting a new cell and integrating their genome into the host chromosome, 
but cannot produce progeny viruses because they lack the genes to produce the virion proteins.

Miller and Rosman have introduced a series of retroviral vectors that have been widely used both in the research laboratory and in clinical trials for gene therapy. 547 
These so called pLN retroviral vectors have LTRs and a psi packaging region derived from murine retroviruses but lack gag, pol, and env genes (Figure 1.38). In their 
place is a promoter derived from either SV40 or cytomegalovirus that controls expression of a neomycin phosphotransferase gene, as well as space to insert a gene 



of interest. The viral sequences have been ligated into pBR322 so the recombinant DNA techniques described previously can be used to insert new genes into the 
viral genome. After the plasmid is transfected into a packaging cell line by electroporation or another methods, the cells begin producing replication-defective 
retroviruses that carry the engineered genome and are capable of infecting and integrating but cannot reproduce. A retroviral capsid can carry a genome of up to 10 
kbases. Since as little as 2.5 kbases of the genome are necessary for efficient packaging and integration, retroviral vectors can theoretically carry inserted regions up 
to 7.5 kbases in length.

FIGURE 1.38. pLXSN: a retroviral expression vector. When transfected into an appropriate packaging cell line, pLXSN causes production of retrovirus particles 
containing the LTRs and everything between them as the genome. psi is the packaging region; 5' LTR (long terminal repeat), acts as a promoter for a gene cloned 
into one of the restriction enzyme sites; SV40, a viral promoter, controls expression of the neo r gene; neor is the neomycin phosphotransferase gene.

Retroviral transfection vectors have drawbacks resulting from inherent unique properties of their life cycle. Since the 3' LTR has the same promoter and enhancer 
elements as the 5' LTR, cellular genes downstream from the insertion site of the retroviral genome could theoretically be activated by the insertion of the virus 
upstream. If the virus were to insert upstream of a cellular protooncogene, the cell could become transformed into a malignant cell. Also, retroviruses have a very high 
recombination rate while in the RNA form and are, therefore, capable of incorporating genes expressed by the host cell into their genome. Early packaging cell lines 
were plagued by the problems of engineered viral genomes becoming replication-competent as a result of recombining with the mRNA transcription of the gag, pol, 
and env genes. Newer versions of packaging cell lines have much lower incidences of replication-competent revertants, but the inadvertent production of such viruses 
and their possible introduction into patients while conducting gene therapy protocols remains a grave concern. In addition, it has been found that promoters inserted 
into the region between the two LTRs tend to be repressed or silenced. This problem can be circumvented by using an inserted promoter for the antibiotic resistance 
gene and using the 5' LTR as the promoter for the gene of interest. Since very little enzyme is needed for inactivation of antibiotics, promoter repression is not a 
significant problem.

No matter which method is used to introduce DNA into a cell, the efficiency is not 100%. Therefore, it is often necessary to separate the transfected cells from those 
which are not transfected. This is easily accomplished by including a selectable marker in the transfected DNA. Commonly used selectable markers for eukaryotic 
cells are genes coding for resistance to the antibiotics hygromycin or the neomycin analogue G418 (geneticin). After transfection, the cells are given a brief period in 
culture to express the proteins coded for by the selection marker, for instance, neomycin phosphotransferase. Then G418 is added to the culture medium, and only 
those cells that carry the antibiotic resistance gene are able to inactivate G418 and grow in the presence of the drug. 548 The cells that were not successfully 
transfected are incapable of producing neomycin phosphotransferase, and are killed. This results in a pure population of cells that carry both the antibiotic resistance 
gene and the gene of interest.

Identification and Analysis of DNA

A wide variety of powerful techniques have been developed for the identification and analysis of DNA. The techniques allow the base sequence of the DNA to be 
determined accurately, the expression of mRNA from the DNA to be rapidly and accurately determined, the interaction of the particular DNA of interest with 
DNA-binding proteins to be determined, and the protein expressed from the genes to be studied and isolated. The simplest form of DNA analysis consists of digesting 
genomic DNA with restriction endonucleases and determining the size of the resulting fragments. With the development of the Southern blotting technique, the size of 
the fragment containing a particular DNA sequence could be determined readily. 549 A Southern blot is performed by digesting genomic DNA with one or more 
restriction enzymes to generate a large number of fragments of varying sizes ( Figure 1.39). The fragments can be separated from each other on the basis of size by 
agar or polyacrylamide gel electrophoresis. Subsequently, the sized DNA can be transferred to a nylon or nitrocellulose filter by the application of an electric current 
or simply by buffers to carry the DNA out of the gel onto the filter. The filter can then be hybridized with a labeled probe that complements the DNA of interest. 
Southern blotting can be extremely useful for examining the large structure of DNA and for isolating specific fragments of DNA. Southern blots have also proven to be 
clinically useful in the diagnosis of malignancy, since the gene rearrangements found in a number of malignancies can be detected.

FIGURE 1.39. Southern blotting: genomic DNA is digested with restriction endonucleases and electrophoresed in agarose to separate the fragments by size. The 
DNA is transferred to the filter by the flow of buffers from the sponge to the paper towels. The filter is hybridized to a radioactive probe specific for a particular DNA 
sequence. Bands appear on the autoradiograph where that sequence is found on the filter.

The basic methodology of Southern blotting, by which nucleic acids are separated on a gel by size and immobilized on filters for further analysis, has spawned a 
number of variations. A Northern blot is prepared and used essentially as is the Southern blot technique, except that RNA is run on the gel instead of DNA. 550 The 
filter is then hybridized with a probe to demonstrate the presence of a particular RNA species. Since the intensity of the signal from the probe is proportional to the 
amount of probe that is bound, a Northern blot can demonstrate the production, quantity, and base sequence of RNA isolated from cells.

Like DNA and RNA, proteins can also be separated by virtue of size or charge on polyacrylamide gels and subsequently transferred and probed. The technique is 
referred to as Western blotting. 551 Total cell lysates are separated by size (PAGE-gel) or charge (isoelectrically focused), or both (two-dimensional gels), then the 
proteins are transferred by electrical current to and immobilized on a nylon filter. The immobilized proteins can then be visualized with stains, or individual proteins 
can be localized by probing the filter with monoclonal antibodies that can be used with immunochemical stains.

Nuclease S1 Protection Assay

Nuclease S1 protection assays are used extensively to locate the termini of mRNA and/or the position of introns within hnRNA. The method is basically a modification 
of Southern and Northern blotting. The basic procedure involves hybridizing denatured DNA with mRNA. Those segments of DNA that do not hybridize to mRNA 
represent introns. Nuclease S1 is an enzyme which degrades ssDNA or RNA so that those segments of DNA that have not hybridized with mRNA will be digested, 



whereas those segments that have hybridized (exon) will be protected. Once the digestion has been completed, the protected fragments are separated by size on a 
gel and subsequently transferred to nitrocellulose and probed. As in Southern or Northern blotting, the DNA fragments are elucidative, thereby providing extremely 
valuable information regarding the length and concentration of the genomic DNA gene. 552,553 and 554

Nuclear Run-On

Nuclear run-on experiments are used to determine the relative changes in nuclear transcription that results from introducing a foreign molecule into the cell ( Figure 
1.40). For several hours a cell population is treated with a foreign molecule, cells are harvested and lysed. Nuclei are isolated and incubated with the four nucleotides 
needed for RNA synthesis plus a trace of radiolabeled GTP. Following incorporation of the radiolabel into mRNA, the nuclei are pelleted. mRNA is isolated from the 
nuclei and hybridized to DNA that has been denatured and immobilized on a nitrocellulose filter. After exposing the washed filter to x-ray film, the film is developed 
and assessed to determine the amount of synthesis that has occurred as a result of stimulating the cells with the foreign molecule. Increases in nuclear transcription 
can then be quantitated by densitometric analysis. The procedure provides a ready means of analyzing those factors that affect transcription. 553,555,556,557 and 558

FIGURE 1.40. Nuclear run-on assay: cells are treated in vitro with a drug. The intact nuclei are isolated from the cells and incubated with radioactive nucleotides 
which incorporate into nascent RNA molecules in the nuclei. The mRNA is isolated and hybridized to cDNA of known sequence immobilized on filter strips. The mRNA 
which binds is measured in a scintillation counter.

Single-Stranded Conformation Polymorphism (SSCP)

Single-stranded conformation polymorphism (SSCP) is a method that will detect sequence changes as minor as a single base difference. 559 The conformation of 
single-stranded DNA, under non-denaturing conditions, is dependent mainly on intrastrand interactions. Consequently, the mobility characteristics of the single-strand 
DNA in polyacrylamide gel electrophoresis will be based on its nucleotide sequence. In this technique, sample DNA, genomic or fragments amplified via polymerase 
chain reaction (PCR), is denatured and evaluated on polyacrylamide gels under non-denaturing conditions. Electrophoretic mobility changes of the DNA bands have 
been found to be indicative of base sequence changes. Single base changes in DNA fragments up to 200 nucleotides long can be detected as mobility shifts. 560 The 
sensitivity of this technique allows one to analyze specific DNA sequences for mutations, especially when combined with PCR technology.

Antisense

Antisense technology provides a powerful tool which has uses in the research laboratory and potential applications in the clinic. In general, the object of the method is 
to prepare oligonucleotides that will specifically hybridize to RNA sequence as they are being made or processed into mRNA ( Figure 1.41). The result of introducing 
either an antisense oligonucleotide or a plasmid which has a DNA fragment coding for RNA that will hybridize to mRNA is inhibition of translation of a selective mRNA. 
Although fraught with numerous technical difficulties, the method has the potential to produce a de facto mutation (selective decrease in a functional protein product) 
without resorting to mutation of DNA.561,562 and 563

FIGURE 1.41. Antisense technology: mRNA is normally single-stranded. A complementary piece of DNA or RNA which is capable of binding to a region of the mRNA 
will stop translation from that mRNA molecule.

DNA Sequencing

While DNA is composed of a combination of only four bases, it should be remembered that the genetic code is ultimately a language more powerful and expressive 
than any devised by humans. Within the sequence of bases is described the structure of all proteins, as well as information concerning when the proteins should be 
made and each step in their processing, distribution, and function. Through the action of the proteins encoded therein, the DNA contains all of the information for the 
all of the components of the cell or organism, including the lipids and carbohydrates that modify proteins as well as the individual synthesis of the lipids and 
carbohydrates that are key structural parts of the cell and its matrix.

Although there are two primary means of determining DNA sequence, the Sanger method, utilizing the dideoxynucleotide sequencing technique, has now become the 
most common.564 Before sequencing, the DNA is first denatured into single strands, then synthetic primers specific for one site on the DNA are allowed to hybridize 
(Figure 1.42). In the presence of the appropriate nucleotides, a DNA polymerase will extend the primer sequence to create a copy of the DNA. The sheer genius of 
Sanger's simple method is that it employs the addition of either the A or G or C or T dideoxynucleotide to the reaction mixture. When the dideoxynucleotide is added 
to the elongating end of the complementary strand, the chain elongation is terminated. Then, for instance, if the reaction contains all four normal bases and a trace of 
dideoxythymidine, a collection of terminated DNA chains is produced. Each of these terminated chains ends with a dideoxythymidine substituting for a potential 
thymidine nucleotide. The length at which the chain terminates corresponds to the location of a thymidine within the sequence. In practice four parallel reactions are 
run separately with one of the corresponding radioactive dideoxynucleotides of A, G, C, or T. After the reaction is stopped, all four reactions are run in juxtaposed 
wells of a polyacrylamide gel which separates the strands according to length of the chain. The gel is dried and exposed to x-ray film. The resulting developed film is 
imaged as four ladders of bands, each indicating a synthesized DNA strand which ends at one particular base in the sequence. The complete sequence can be 
literally read directly from the film by starting at the bottom and observing the order of the chain length. For this technique, Sanger won his second Nobel prize in 
1980. The Sanger sequencing technique has undergone many extensions and simplifications. The sequencing gel frequently yields the most reliable information 
when determined from a single strand of DNA, but single-stranded DNA is frequently difficult to obtain. Messing used an M13 bacteriophage as a cloning vector for 
insertion of DNA of interest. 565 To simplify the use of M13 for DNA sequencing, Messing inserted the M13 genome into a plasmid to create a phagemid. The phagemid 
contains all the sequences needed for replication and selection in bacteria and, in addition, carries a M13 phage genome that can be rescued by infecting the bacteria 



with a replication-defective helper phage. Upon infection of the helper phage, the phagemid begins rolling circle replication to produce single-stranded DNA copies of 
the phagemid that are packaged as infectious phage and extruded from the cell. The bacteriophage can be isolated and the single-stranded DNA isolated and purified 
for ready use in the Sanger sequence technique. The phagemid vectors have the advantage of being able to carry larger pieces of DNA without recombination or 
deletion seen in standard M13 phage. The pUC 119 phagemid, derived from pUC plasmid that was originally modified from BR322, is particularly useful for stably 
carrying large pieces of cloned DNA while still producing phage in high titer.

FIGURE 1.42. Sanger dideoxy sequencing: four reactions are run in parallel. A single-stranded DNA template is hybridized to a synthetic primer. DNA polymerase 
extends the primer, incorporating a radioactive label in the process. Each of the reaction tubes contains one dideoxynucleotide, which terminates the reaction at that 
base. The radioactive strands are separated on a polyacrylamide gel which is exposed to x-ray film. The sequence is read from the film.

Reporter Genes

In addition to the expression vectors, discussed above, which are used to express proteins in bacteria, yeast, insects, and mammalian cells, some protein expression 
systems are designed to examine the regulatory elements controlling gene expression. These vectors use reporter genes to provide easy measurement of gene 
expression under different conditions. Three popular reporter genes are chloramphenicol acetyltransferase or cat, the firefly gene luciferase, and a bacterial gene 
b.-galactosidase. Chloramphenicol acetyltransferase is a bacterial gene that inactivates the antibiotic chloramphenicol. The value of the cat reporter gene lies in the 
fact that there is no mammalian enzyme with a similar activity to confound measurement of expressed protein. The assay is performed by first expressing the cat gene 
within the cell, isolating the total protein lysate of the transfected cell, and finally, with the aid of scintillation counting of an organic extract of the protein lysate, one 
can determine the amount of radio-acetylchloramphenicol produced by transfer of radiolabeled acetate from acetyl CoA to chloramphenicol.

Luciferase is an enzyme which, when expressed and combined with luciferin and ATP, produces light. 566 The amount of expressed protein can be easily quantitated 
by a luminometer. Similarly, when the b.-galactosidase gene is placed downstream of a promoter containing regulatory elements, those aspects of cellular function 
that up- or down-regulate the expression of the gene can be followed simply by using visible spectroscopy, since the activity of b.-galactosidase can be measured by 
the production of a blue precipitate from its substrate, X-Gal. 567 Additionally, the luciferase and b.-galactosidase reporter gene methods have been extended to 
studying regulation of gene expression in viable cells, because whole intact cells can be used to measure light production or absorbance, respectively, in a dynamic 
manner.

DNA Amplification: Polymerase Chain Reaction (PCR)

Since the beginning of molecular biology, scientists have been plagued with the problem of generating sufficient amounts of specific pieces of DNA to carry on 
research efficiently. For example, many genes exist as only a few copies in the genome and are expressed at very low levels, generating few copies of mRNA. Such 
genes can be extremely difficult to clone using the techniques described earlier, yet no simple and direct way existed until recently to select and amplify a particular 
piece of DNA. Kary Mullis solved the problem in a simple and insightful manner, for which he received the Nobel prize in 1993. 568 It had been known that DNA could 
be produced enzymatically in vitro by emulating the process by which DNA is replicated in vivo. Short stretches of chemically synthesized DNA (primers) could be 
mixed with the DNA (template) one wished to amplify (Figure 1.43). The mixture is heated to cause the double-stranded DNA strands to separate, then cooled to allow 
the primers to anneal to the long strands of DNA. In the presence of the four deoxynucleotides and DNA polymerase, a matching strand of DNA would be synthesized. 
Such a method would result in the production of only one strand of new DNA. Mullis made the key observation that if primers were made complementary to the 
regions flanking the DNA segment of interest, each cycle of the reaction would result in doubling the number of DNA strands available to use as template, thus 
causing the number of DNA strands to increase geometrically. Furthermore, the problem of heat inactivation of the polymerase could be avoided by using a 
heat-stable polymerase from Thermus aquaticus, a bacterium that thrives in the hot springs of Yellowstone Park.

FIGURE 1.43. The polymerase chain reaction: the DNA template is mixed with synthetic primers complementary to regions flanking the DNA to be amplified. The 
template is denatured at 95°, then the primers are allowed to anneal to the template strands. Taq polymerase extends the primers into full-length strands of DNA. 
Each PCR cycle results in a doubling of the number of template molecules of DNA.

In the short time since Mullis's insightful introduction of the polymerase chain reaction (PCR), the method has become an extremely powerful tool in any attempt to 
analyze DNA. Further, when the PCR is used following reverse transcription of mRNA, rare and scarce mRNA can be amplified by the RT-PCR technique. PCR is 
used extensively to search for genetic mutations, to match criminal suspects to evidence found at crime scenes, and in cancer diagnosis. The method has been 
elaborated on and extended to every aspect of molecular biology. Virtually every molecular biology laboratory now has at least one thermal cycler for use with PCR.

Transgenic and Knockout Technology

Most of the studies in molecular biology involve studying cells that are grown in tissue culture. However, no matter what cells are studied in vitro, the molecular 
biologist is ultimately presented with the fact that the cell types and systems that he has selected for use can bias his results and select for results that favor the initial 
assumptions of the researcher. When entire animals are used to investigate the importance of a particular gene product, we begin to understand a marvelous feature 
of the entire organism: there are many built in duplications. One method that is increasingly used in molecular biology is the creation of whole animals in which a 
foreign gene has been placed into the genome of embryonic cells (transgenic mice) or production of an animal in which a gene has been deleted or “knocked out.” In 
the transgenic mouse technology, the role of overexpression can be studied. The mouse is the most commonly used animal to study expression of a foreign gene. 
The foreign gene or the gene construct having a promoter which allows for overexpression of a given gene is first placed into a single cell mouse embryo. The mouse 
embryo cells can be obtained by hormonally inducing ovulation, mating the mouse, and subsequently collecting fertilized embryo cells that can be manipulated for a 
short while in an in vitro environment. Once the fertilized cells are obtained, linearized DNA containing the gene of interest is microinjected into the embryo and 



subsequently incubated overnight. The transgenic embryonic cells are than introduced into the infundibulum of a pseudopregnant female mouse and, after the 
appropriate gestational period, live mice pups are obtained. The tails of the individual mice are then clipped and prepared for Southern blotting to determine if and 
which of the offspring contain the DNA insert. Then mRNA can be obtained to determine if gene expression is occurring. The most rapid and sensitive means of 
studying this for low-level expression is by RT-PCR. Alternatively, protein assay techniques (Western blotting) can be used. The techniques allow the study of 
oncogene expression and how that may affect tumor development.

For knockout mice technology, what is required is disruption of endogenous genes within the embryonic stem cells. 569 Since the stem cells have the potential to 
develop into a fully differentiated cell, mice can be produced that lack a particular gene product. The use of such models allows study of the importance of any gene 
and provides a clear means to study the manner by which the entire animal deals with a single mutation. The technique requires that homologous recombination occur 
between a transfected replacement vector and the endogenous gene of the stem cell. The insertion vector must contain between 3 and 10 bases of uninterrupted 
homologous sequence. Selection of the stem cell in which the gene has been knocked out is facilitated by the vector containing selectable markers such as neomycin 
phosphotransferase and herpes thymidylate kinase, whereupon the stem cell population is incubated with these selectable markers: G418 and gancyclovir. Although 
the selection marker greatly simplifies the task of determining which stem cells have undergone integration of insertion vector, it does not assure that there has been 
homologous recombination with resultant knockout. Therefore, DNA from clones of individual cells carrying the selection marker is further delineated by PCR to 
determine that there has been homologous recombination. Once this has been done, stem cells are injected into a blastocyst that has been implanted into a foster 
mother mouse. After gestation, the chimeric offspring are identified, which is frequently facilitated by hair color. These chimeras are bred with normal mice to 
determine if the germ line is chimeric. Then germ line chimeras are used to produce the homozygous knockout mice, in which the two copies of the target gene have 
been knocked out. The technique is extremely powerful in providing in vivo information regarding the importance of a particular gene in regulation of expression or 
suppression of tumor formation or development of disease.

MICROARRAY CHIP TECHNOLOGY

Biological experiments are frequently conducted in a manner that probes a single pathway or gene activation or event. The experimental consequence of such an 
approach is, for the most part, that a single assay or a small set of assays is used to probe the biological parameter that is being studied. With the most recent 
introduction of microarray technology to biology, it becomes distinctly possible that not only the face of the biological sciences will change, but likewise the manner in 
which experiments are thought of and executed will change.570,571 and 572 Microarrays converge solid-state chemistry, transistor technology, laser optics, robotics, 
computer analysis, and biology to produce a new paradigm for the simultaneous study of multiple events. Although the technology will undoubtedly be applied to 
carbohydrate, protein, and lipid biochemistry, at the present time its main application is molecular biology. In particular, microarray technology is being applied to DNA 
sequencing, mutation analysis, and gene expression. When applied to gene expression, DNA chips or microarrays technology is an extremely powerful and 
informative tool.

At first glimpse, gene expression as assessed by microarrays appears to be an extension of membrane hybridization experiments. However, with the use of a glass 
template for affixing large number of DNA molecules to specific sites according to a predetermined XY coordinate system, the expression of thousands of genes can 
be selectively queried. The technique requires that an indexed expressed sequence tag (EST) be positioned precisely onto a solid matrix, usually a glass slide. The 
number of known sequences are ever increasing. A single chip can accommodate as many as 400,000 oligomers on a 1.6 cm 2 surface or up to 25,000 cloned DNA 
sequences on a 3.5 cm2 surface.571,572 Obviously such numbers cannot be positioned by hand, and so robotic technology is used to create slides with numerous 
precisely positioned ESTs, that is, DNA chips.

Within any given experiment, at any one time, steady-state mRNA is harvested and converted to cDNA ( Figure 1.44). The cDNA is labeled with a specific 
fluorochrome, typically Cy3 or C5, and this sample is hybridized to the premade DNA chip. After rinsing, the individual XY coordinates are interrogated by laser light 
for the presence and extent of hybridized fluorochrome. In fact, two different expression sets can be studied at the same time by labeling one set of mRNA with Cy3 
and the other with C5. Then the fluorescence from each set can be assessed simultaneously and a comparison generated between two different cell or tissue groups. 
Since there is a distinct chance of introducing intensity errors (particular when assaying different cells), sets of constitutively expressed housekeeping genes are used 
as internal standards. In that manner the entire data set can be normalized to the expression of housekeeping genes, and then the particular expressed gene and 
level of expression can be determined. Since thousands of genes can be queried simultaneously, the amount of data generated from any one experiment is frequently 
immense and, more important, the data are relational. Ultimately, one experiment will be compared with an array of other experiments. Therefore, there is an absolute 
requirement for bioinformatics to hold and catalogue results, as well as to provide ready access and easy querying sessions. A number of URLs are now being formed 
for compiling experiments in manner similar to that of Gene Bank. Likewise, URLs are becoming available to describe experimental conditions and results and 
availability of chips. Algorithms will be written to assist in processing and interrogating the large data sets. Such databases will permit perusal by investigators from 
anywhere. Patterns of up- and down-regulation of gene expression will undoubtedly emerge when comparing the results from similar and contrasting experiments.

FIGURE 1.44. Diagram of a microchip array illustrating a typical experiment in which a set of control and test DNA are being compared to define transcriptional 
changes that result from a given test experiment. The cDNA is labeled, mixed, and hybridized to the oligonucleotides that have been precisely placed on the chip. 
Two different frequency lasers are used to excite the hybridized cDNA. Thereafter, emission from each x-y coordinate is collected, stored, and processed for further 
interrogation as to new or changes in transcribed genes.

Already DNA chips are being used to catalogue changes in enzyme profiles that result from exposure of cells to drugs. An example is an experiment when DNA chips 
were used to monitor differential expression of cytochrome 450 isoforms after exposure to phenobarbital. Increasingly, such studies will be done with regularity to 
assess detoxication and to repair enzymes that are modulated with respect to different antineoplastic drug exposure, as well as for profiling of expression sets of 
similar histochemical types of cancers. 573,574 Such studies will invariably increase understanding of the molecular events of and new targets for cancer.

At this time the DNA chips can “see” as little as three copies of mRNA per cell. Moreover, not only can the method determine new mRNA synthesis, but 
down-regulation of a particular gene(s) can be queried. With the vast amount of new data, it will not be long before interrelations between different molecular 
cascades will be routine. Ultimately, the technology promises to provide a format that will enable subtle questions to be asked in a virtual biology environment. The 
technology is new, the cost is expensive, improvements are occurring at rapid rate, and availability is limited. Moreover, the databases are still being formed. When 
the human genome project is finished, every gene will be followed by high levels of certainty. As some of the technical and expensive aspects of the techniques are 
addressed, interrogation by microarray chips of transcriptional and mutational events as they apply to fundamental and applied cancer research will begin in earnest. 
Once the gene expression format has been attended to, more and more will chip technology shift to translational protein chips. The future is indeed bright for 
molecular biology discovery.

GLOSSARY

alternative splicing: RNA that is spliced at alternate sites, yielding different but related RNAs coding for related proteins.

amber codon: a UAG triplet that signals termination of translation.



aminoacyl t-RNA: an aminoacyl ester of a tRNA carrying an amino acid.

amplification: synthesis of additional copies of chromosomal or extrachromosomal DNA.

annealing: complementary base pairing of two single strands of DNA.

anticoding strand: the strand of duplex DNA that serves as the template for synthesis of a complementary strand of RNA.

Chromosome: a large (long) molecule of double strand of DNA containing many genes.

cis-acting protein: a protein that activates a sequence of DNA within the same molecule of DNA from which the protein was expressed.

cis-acting: activation of a sequence of DNA within the same molecule; compare with trans.

clone: a large number of cells (molecules) that are all identical to the single parent from which they were derived.

cloning vector: DNA containing necessary fragments of DNA to replicate a foreign gene inserted in an appropriate position within the vector.

closed complex: the configuration of DNA while RNA polymerase is bound to DNA but before the DNA has started to unwind.

codon: three continuous nucleotides that code for an amino acid or termination signal.

constitutive genes: genes whose product is expressed at a steady level through RNA polymerase/promoter interactions without additional regulation.

core particle: a fragment of nucleosome-associated DNA consisting of a 146 base pair histone octamer resistant to nuclease digestion.

CAAT-box: a conserved DNA motif found upstream of initiation site in eukaryotic genes and recognized/bound by transcriptional factors.

cap: a posttranscriptional modification in which a GTP is added to the 5'-end of eukaryotic pre-mRNA through a 5' to 5' triphosphate bond.

cDNA: a single strand of DNA complementary to the coding strand of DNA.

chromatin: compacted molecules of DNA complexed with specific DNA-binding proteins.

degeneracy: a term used in reference to amino acids having more than one codon with the variation found in the third nucleotide.

deletion: removal of a sequence of DNA followed by rejoining of surrounding fragments.

denaturation: separation of double strands of DNA or RNA into single strands.

direct repeats: identical sequences of DNA found in two or more copies in the same orientation within the same molecule of DNA.

DNA polymerase: an enzyme that catalyzes the synthesis of a complementary strand of DNA.

DNAse I hypersensitive sites: regions of DNA that are sensitive to nuclease degradation by the enzyme DNase I.

downstream: denotes those sequences of nucleotides found further 3' in the DNA strand.

elongation factors:  proteins whose functions are required at a specific step(s) in polypeptide elongation of protein synthesis.

end labeling: addition of a radioactive or chemically labeled molecule to one strand of DNA.

endonucleases: enzymes that cleave bonds within a strand of single-stranded or double-stranded DNA or RNA.

enhancer: a sequence motif that acts in cis to increase the level of transcription of DNA from a eukaryotic promoter. It can be located either upstream or downstream 
from the promoter.

episome: circularized DNA that replicates epichromosomally but is capable of integrating into bacterial genomic DNA.

eukaryotes: organisms that have compartmentalized their DNA within a nucleus.

exon: a coding region of a gene which becomes part of the mRNA.

exonucleases: enzymes that cleave in a systematic way either the 5' or 3' nucleotides from the end of a strand of DNA or RNA.

expression vector: a cloning vector containing the required regulatory elements which will enable a gene of interest (if properly inserted) to be translated into the 
correct protein.

frameshift mutation: an addition or deletion of nucleotide(s) which alters the reading frame for protein synthesis, resulting in an incorrect sequence of amino acids, 
hence an incorrect protein.

gene: a sequence of DNA that codes for a protein.

genetic code: a sequence of DNA or RNA triplet codons which correspond to an amino acid.

helper virus: when cells are coinfected with helper virus and defective virus, the helper virus provides those proteins whose functions are necessary for the defective 
virus to be an infectious particle.

heterochromatin: a highly condensed, nontranslated region of the genome.

heterogeneous nuclear RNA: nuclear RNA transcribed by RNA polymerase II which has not undergone splicing or posttranscriptional modifications.

histones: DNA-binding proteins in eukaryotes which form the nucleosome.

housekeeping genes: genes whose product is constitutively expressed because it is necessary for a basic cellular function.



hybridization: base pairing between complementary strands of RNA and DNA.

inducer: a molecule that binds to a specific regulator, resulting in initiation of transcription.

initiation factors: specific proteins that interact with each other, with ribosomes, and/or with mRNA to form a translation initiation complex.

integration: insertion and chemical bonding of extracellular DNA into genomic DNA.

intron: a noncoding region of DNA which is transcribed into RNA but removed by splicing of primary transcript into mRNA placing exons adjacent to each other.

inverted repeat: the same sequence of DNA represented more than once in the same molecule of DNA but in opposite orientation.

kilobase (kbase or kb): or 1,000 base pairs of DNA or RNA.

lariat: a folded-over sequence of pre-RNA which forms a circular splicing intermediate resembling a loop of rope.

leader sequence: a nontranslated sequence located at either end or within the DNA sequence which directs translated proteins across membranes into a specific 
cellular compartment.

ligation: an enzymatic reaction requiring ligase and ATP to form a phosphodiester bond between two ends of nicked/cut double-stranded DNA.

lipid bilayer: the configuration of lipid membranes formed by phospholipids which align themselves so that the hydrophobic tail is in the interior milieu and the 
hydrophilic head is facing the exterior.

LTR: (long terminal repeat) sequences of DNA in a retroviral genome which are repeated at the 5'- and 3'-ends.

MAR: (matrix attachment site) an AT-rich region of DNA which attaches to the cellular matrix.

monocistronic: mRNA that codes for only one protein.

multicopy plasmids: plasmids that replicate themselves many times within a single cell per doubling.

mutation: any change in the nucleotide sequence of DNA.

negative regulators: molecules that can “turn off” transcription or translation.

nick translation: the enzymatic reaction which occurs when E. coli DNA polymerase I adds nucleotides to the free 3' hydroxyl end of nicked double-stranded DNA.

Northern blotting: a technique that involves transfer of RNA to nitrocellulose filter for hybridization to a complementary strand of DNA.

nucleosome: the basic foundational chromatin structure in eukaryotic cells.

oncogenes: genes whose product can transform normal eukaryotic cells into a growth pattern resembling tumor cells.

open reading frame: a series of codons coding for amino acids.

operon: a group of bacterial genes expressed and regulated from same promoter and promoter elements.

origin: a sequence of DNA where replication begins.

packing ratio: the ratio of the length of DNA when stretched out to the length of the structure formed when it is condensed.

PCR: (polymerase chain reaction) technique that amplifies nucleic acids by using thermophilic DNA polymerase to synthesize complementary strands of DNA into 
many copies through multiple cycles of denaturing, annealing, and elongation temperatures.

periodicity: the number of base pairs of DNA in one turn of the double helix.

phage: (bacteriophage) virus that infects bacterial cells.

plasmid: a circular piece of DNA capable of replicating itself extrachromosomally.

point mutation: any change in a single base pair.

polyadenylation: posttranslational modification in eukaryotic cells involving addition of multiple polyadenylic acids.

polycistronic: a single prokaryotic mRNA containing the genetic code for more than one gene.

polysome: multiple ribosomes simultaneously translating a single mRNA.

primary transcript: RNA that has been transcribed and has not yet undergone splicing or posttranscriptional modification.

primer: a short sequence of single-stranded DNA or RNA with a free 3' hydroxyl and complementary to one strand of DNA, therefore providing DNA polymerase a 
DNA synthesis start site.

prokaryote: an organism which does not have a nucleus.

promoter: a sequence motif found within DNA near the RNA polymerase transcriptional initiation site which forms a transcription complex when bound by 
transcriptional factors and RNA polymerase.

prophage: phage DNA covalently integrated into the host chromosome.

proteolytic enzyme: an enzyme that catalyzes hydrolysis of a peptide or protein.

protooncogenes: normal cellular genes from which oncogenes originate.



provirus: a viral genome covalently integrated into host genome.

reading frame: the alignment of bases in RNA to give a succession of triplets which are recognized as codons. Insertion or deletion of one or two bases will shift the 
reading frame; insertion or deletion of three bases will not.

regulatory gene: DNA whose gene product is a protein which functions in the regulation/control of nucleic acids or another protein.

repression: inhibition of transcription or translation when a repressor molecule binds to a specific region within the DNA or mRNA.

restriction enzyme: an endonuclease which cleaves DNA at a specific recognition sequence.

retrovirus: an RNA virus having the enzyme reverse transcriptase which transcribes the RNA into double-stranded DNA, enabling the viral genome to integrate into 
the host genome.

reverse transcription: synthesis of single-stranded DNA complementary to an RNA template by the enzyme reverse transcriptase.

RFLP: (restriction fragment length polymorphism) a technique used to detect nucleotide changes by comparing the sizes of restriction endonuclease cleaved genomic 
DNA fragments.

RNase: an enzyme which degrades RNA.

RNA polymerase: an enzyme which synthesizes RNA using a DNA template.

Shine-Dalgarno sequence: a 5 to 8 base pair purine-rich sequence located about 10 nucleotides upstream from the initiation codon which is complementary to 3' 
sequences in 16S rRNA; the complementary base pairing strongly influences binding of 30S rRNA to mRNA.

sigma factor: the subunit of bacterial RNA polymerase which is necessary to initiate transcription.

signal transduction: a cellular reaction involving the binding of a ligand to a cell surface receptor which in turn transmits an intracellular signal initiating a cellular 
pathway/mechanism.

SSCP: (single-stranded conformation polymorphism) a technique that will detect single base changes in DNA through electrophoretic mobility shifts of denatured DNA 
on a polyacrylmaide gel.

Southern blotting: a technique for transferring DNA from an agarose gel to a nitrocellulose membrane, followed by probing the membrane with a labelled primer; 
hybridization is visualized on an autoradiograph.

snRNPs: small nuclear ribonucleoproteins.

splicing: the removal of introns followed by the joining together of exons in the primary RNA transcript.

splice junctions: sequences that are found in RNA at the boundary of an exon and intron.

start point: the triplet of DNA at which RNA polymerase initiates transcription.

stop codons: specific triplets (UAA, UAG, UGA) that code for termination of translation.

structural gene: any gene that codes for a protein which is not under cellular regulation.

suppression: a change that reverses the effects of a mutation without altering the original DNA sequence.

Tm: the melting temperature of double-stranded nucleic acids.

tandem repeats: many copies of the same repeated sequence next to each other.

TATA-box: a conserved, short T-A DNA motif in a fixed location which is part of the transcriptional complex.

termination codon: a triplet sequence coding for amino acid, signaling termination of protein synthesis; the termination codons are UAG, UAA, and UGA.

tertiary structure: the three-dimensional configuration of a biopolymer.

trans: sites located on two different molecules of DNA; compare with cis.

transcription: the enzymatic reaction that uses one strand of DNA as a template to make a complementary strand of RNA.

transduction: the transfer of genetic material from one cell to another with the use of a virus (usually phage).

transfection: introduction of new genetic material into cells.

transformation: the acquisition of new characteristics by a cell as the result of introduction of new genetic material or modification of endogenous genes.

translation: the process that translates the genetic information carried by the codons in mRNA into amino acids forming a polypeptide.

translocation: when a copy of a gene is found in a location within the genome different from the location where it was originally found.

transmembrane protein: a protein that protrudes through a lipid bilayer and is therefore exposed to an aqueous environment on both sides of the membrane.

transposon: a DNA sequence that moves to new location within the genome.

transposition: movement of transposon to a new location within the genome.

upstream: the nontranslated sequences of DNA found prior to the initiation site for transcription.

vector: a molecule or structure used to carry genetic information into a cell; a vector can be, for example, DNA plasmid or a virus.
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Normally, cells respond to extracellular signals by either undergoing division or withdrawing into a resting state. Cancer, on the other hand, is characterized by 
uncontrolled cell proliferation. Cancers, including those of the lung, frequently have alterations in genes that directly regulate the cell cycle, thereby disrupting cell 
cycle controls. Molecular changes that have been demonstrated in lung cancer include activation of oncogenes such as ras, myc, bcl-2, and c-erbB-2, and loss of 
tumor suppressor genes such as p53, RB, and p16INK4A. Most oncogenes and tumor suppressor genes function in signal transduction pathways that regulate cell 
proliferation. The activation of oncogenes provides persistent mitogenic stimulation, while inactivation of tumor suppressor genes removes the blocks to uncontrolled 
growth. Understanding the cell cycle and its control points has provided a better understanding of how a cell is transformed into cancer. More importantly, however, 
this knowledge will now point to new approaches for the treatment and prevention of cancer.

In this chapter, we will first review the cell cycle and its regulation. We will then review the signals that trigger apoptosis and the relationship between the cell cycle 
checkpoints and apoptosis. The molecular changes in oncogenes and genes for cell cycle control proteins that are found in lung cancers will then be reviewed. 
Finally, potential therapeutic options provided by our knowledge of cell cycle progression and apoptosis will be discussed.

THE CELL CYCLE

A normal cell exhibits a highly regulated system of proliferation and differentiation that responds to both extra- and intracellular signals. Cancer cells have escaped 
these regulatory constraints through mutations in genes controlling cell proliferation, such that they are able to grow and proliferate with little restriction. 
Understanding the mechanisms controlling the cell cycle in both normal cells and cancer cells may enable researchers to develop more specific anticancer therapies 
by targeting alterations in cell cycle control exhibited by the cancer cell. Normal cells may be in a state of quiescence (G0) where the cell remains metabolically active 
but is not progressing through the cell cycle towards division. Certain populations of quiescent cells are terminally differentiated and no longer have the ability to cycle 
or proliferate. In contrast, in response to growth stimuli, cells that are not terminally differentiated may enter the cell cycle, passing through the various phases: G1, 
the gap prior to replication; S, the DNA synthesis phase; G2, the gap after replication; and M, the mitotic phase leading to cell division ( Figure 2.1).

FIGURE 2.1. The cell cycle. The cell cycle consists of four phases—G1, S, G2, and M. Normal cells in G1 can go into a state of quiescence (G0) where they remain 
metabolically active but are not progressing towards division. Cells must pass the restriction point, R, to proceed from G1 to S.

G1 is the phase during which the cell prepares for DNA replication and division by accumulating the macromolecules, such as histones and enzymes, that are 
required for cell cycle transit. Cellular differentiation may be initiated in G1. 1 While the other cell cycle phases are of relatively constant duration among different cell 
types, G1 phase has the most variable duration—over a range of zero to several hours. Cells are required to pass a regulatory point to proceed from G1 to S. This 
commitment point has been defined most clearly in yeast cells, where it is called “Start.” The comparable point in animal cells is called the restriction point, (R). 
Quiescent cells are considered to have withdrawn from the cell cycle into another state resembling G1 but distinct because they are unable to proceed directly into S 
phase. This noncycling state is called G0. Some cells can be stimulated to leave G0 and reenter the cell cycle. Withdrawal from or reentry into a cell cycle occurs 
before the restriction point in G1. After the restriction point, inhibitors will not reverse progression to S-phase.

The DNA synthesis phase (S-phase) results in the replication of the entire cellular DNA content and associated architectural apparatus. The total content of DNA 
increases from a diploid value of 2 n to the fully replicated value of 4 n. Through specific, highly regulated patterns, multiple sites of bidirectional replication are 
initiated. S-phase is usually of constant duration within a given cell type. Initiation requires a change in the conformation of the DNA at replication sites. Upon 
initiation, clusters of replication units called replicons begin simultaneously, although different replicons initiate at different times in S-phase. 2 Individual genes have 
been shown to replicate at specific times within S-phase 2 with genes that are transcribed as part of S-phase replicating early on. 3

After the completion of S-phase, the cell enters G2 phase, during which events lead to the commitment to and completion of mitosis. It is during this phase that 
replication errors and other DNA damage can be repaired. DNA damage may prolong G2 and prevent the progression into M-phase. 4,5 Under normal circumstances, 
G2 tends to be of constant duration. The coordination of the numerous processes required for cell division, including the ability to recognize the completion of 
synthesis, nuclear envelope dissolution, chromatin condensation, and organization of the cytoskeleton, are all initiated in G2 prior to entry into mitosis.

Mitosis itself is the process by which the cell equally divides its chromosome complement at cell division, and is composed of four stages. In prophase the replicated 
chromosomes condense while the microtubule assemblies rearrange, forming a centrosome which guides the movement of the chromosomes. The chromosomes are 
then positioned and oriented in association with the spindle fibers in prometaphase. These originate at the centrosome and are attached to kinetochores on the 
chromosome. Anaphase is characterized by the separation of the chromosomes and movement to opposite poles of the cell. This separation requires action of the 
spindle fibers. Finally, in telophase the nuclei are reformed around each group of chromosomes, after which they decondense. Once nuclear division is complete, cell 
division usually occurs.6



REGULATION OF THE CELL CYCLE

Identifying the factors that trigger the transitions between the cell cycle states (G1, S, G2, M) has been a major goal of cell cycle research. Initial work was done with 
cell fusion experiments where cells were synchronized at various stages of the cell cycle, then fused with nonsynchronized cells. 7,8 These studies revealed that 
S-phase nuclei contain a factor, S-phase promoting factor (SPF), capable of inducing G1 cells to enter S-phase. These studies also demonstrated that only cells in 
G1 are capable of initiating DNA synthesis. If S-phase nuclei were fused with G2 cells, no DNA replication occurred. In addition, late G2 or M-phase cells contain an 
M-phase promoting factor (MPF) capable of accelerating the onset of mitosis in early G2 cells. 9 Subsequent studies have identified the components of SPF and MPF, 
which are now known to be a complex of regulatory cyclin proteins and catalytic kinases known as cyclin-dependent kinases (CDK). In higher eukaryotes, more than 
ten CDK-related proteins have been discovered with numerous cyclin interactions. 10

The activation of CDKs is tightly regulated by complex mechanisms to ensure proper timing and coordination of cell cycle events. This regulation is primarily 
posttranscriptional, and CDK levels remain fairly constant during the cell cycle. 11 Different kinases are active in different phases of the cell cycle ( Figure 2.2). Their 
activity is controlled in part by the formation of complexes with cyclin proteins, so named because their expression varies throughout the cell cycle. The cyclins have 
homologous conserved domains, called cyclin boxes, responsible for CDK binding and activation. This binding is predicted to activate the partner CDK by altering the 
conformation of the N-terminal region, displacing a region called the T-loop that partially obscures the substrate binding site of the kinase. Complete activation of 
CDKs requires more than just cyclin binding; the CDK subunit must also be phosphorylated. 10,11 A CDK-activating kinase (CAK, also MO15 or CDK7) phosphorylates 
a conserved threonine residue which sits in the CDK substrate binding site (the T-loop). 10 Its phosphorylation seems to induce structural changes allowing the cyclin 
to bind the CDK protein and the complex to form.12 Mutation of the threonine residue in the T-loop greatly reduces the kinase activity. 10

FIGURE 2.2. The molecular regulation of the cell cycle. Different cyclins, such as A, B, D, and E, complex with specific cyclin-dependent kinases (CDKs) during 
specific phases of the cell cycle. These cyclin/CDK complexes are held in an inactive state by physical interactions with CDK inhibitors such as p16, p21, and p27. 
Cyclin/CDK complexes phosphorylate key substrates, resulting in progression through the cell cycle at specific points.

Further regulation of the cyclin CDK complex is provided by controlled phosphorylation and dephosphorylation. Major CDKs involved in cell cycle control can be 
inhibited by phosphorylation of the CDK subunit at a conserved tyrosine (Tyr15) and the adjacent threonine (Thr14). For example, inhibitory phosphorylation 
contributes to the timing of mitosis in many organisms.13,14 Prior to mitosis, CDK1-cyclin B complexes are held in an inactive state by phosphorylation at both these 
sites. At the end of G2, abrupt dephosphorylation triggers CDK1 activation and mitosis. 13,14 This phosphorylation is catalyzed by transmembrane kinases located in 
the endoplasmic reticulum of cells, Wee 1 and Myt 1. 15,16 Dephosphorylation of both sites is carried out by phosphatases of the Cdc25 family. 17 Inhibitory 
phosphorylation may control progression through early cell cycle stages as well. During S-phase, human CDK2 is extensively phosphorylated at both inhibitory sites, 18

 and expression of a nonphosphorylated CDK2 mutant is lethal in human cells. 19

Negative regulation of CDKs is also mediated by a family of inhibitory subunits called cyclin-dependent kinase inhibitors, or CKIs. The CKIs bind to the activating 
phosphorylation sites and inactivate CDK complexes. The CKIs are a diverse family of proteins including p21 (CIP1/WAF1), and p27 (KIP1), which associate with 
CDK2, and p16INK4 and p15INK4 (Figure 2.3), which act on CDKs 4 and 6.20 The transcription of the CKIs is induced by p53, although p27 seems to be regulated 
posttranscriptionally. 21 Many human tumors demonstrate p16INK4 rearrangements or deletions, while p16INK4 expression is elevated in cells that are senescent. 22

FIGURE 2.3. Regulation of the restriction point. Passing of the cell through the restriction point (R) is a key step in cell cycle progression. Cyclin D interacts with CDK 
4 and 6 during G1, and phosphorylates RB. This releases the transcription factor E2F, allowing it to interact with nuclear targets to stimulate the synthesis of various 
proteins required for progression. Cyclin kinase inhibitors such as p16 INK4A are able to bind to CDK 4/6 and thus prevent the binding of CDK 4/6 to cyclin D.

During the course of normal cell cycle progression, cyclin-CDK complexes are inactivated at specific times through degradation of the cyclin partner by regulated 
proteolysis.10 The importance of cyclin degradation is most apparent in the control of the exit from mitosis, where destruction of mitotic cyclins is required for the onset 
of telophase, as well as for preparation for the next cell cycle. 23 Cyclin degradation results from ubiquitin-dependent proteolysis 24 and requires a small sequence motif 
(the destruction box) near the N-terminus of mitotic cyclins. 24 Recent work has identified the key regulated component in mitotic cyclin destruction as a large 
multi-subunit complex known as the anaphase-promoting complex (APC), or cyclosome, which acts as an E3 enzyme to catalyze the transfer of ubiquitin in various 
mitotic substrates, including cyclins and putative inhibitors of anaphase. 25 The APC is thought to be activated by CDK1-cyclin B.25 APC activity remains high in G1 
and then declines concurrent to the appearance of G1 cyclins. 25 In yeast, APC activity was recently shown to require binding to an activating protein called Hct-1. 26 
Binding of Hct-1 to the APC was regulated by CDK-mediated phosphorylation, and mitotic cyclins and CDK activity were in turn absent when Hct-1 was not 
phosphorylated. Thus Hct-1 in yeast (and the human CDK1 homologue 27) appear to regulate mitotic cyclin degradation by APC.

The cell cycle phases are coordinated by the expression and/or activation of regulatory proteins, including complexes of cyclins and cyclin-dependent kinases. In the 
early G1-phase, D-type cyclins (D1, D2, and D3) and early CDKs (CDK4 and CDK6) accumulate. In addition, the protein levels of proliferating cell nuclear antigen 
(PCNA), a factor that stimulates the processing ability of DNA-polymerase-delta and associates with cyclin D-CDK4, increases. 28 High levels of CKIs 
(cyclin-dependent kinase inhibitors) decline on induction of cell cycle entry in mitogen-deprived (G0) cells. 29 The CKI binds to and inhibits G1-phase CDKs and 
cyclin/CDK complexes.30,31 Free cyclin D-CDK4-PCNA complexes are activated through phosphorylation by CAK (cyclin-dependent kinase activating kinase). 29 The 
decline of CKIs, which results both from the down-regulation of CKI protein levels and from the stoichiometric titration of CKI to cyclin D-CDK4-PCNA complexes, also 
allows an enzymatic activation of CDK2.29 Cyclin E synthesis follows cyclin D accumulation in G1. Cyclin E interacts with CDK2 in late G1 and at the beginning of 



S-phase to induce the initiation of DNA synthesis, and then it is rapidly degraded. After cyclin E is degraded, CDK2 binds cyclin A throughout the rest of S-phase.

Passage through G1 into S-phase is regulated by an elaborate feedback loop involving pRb, the retinoblastoma gene product, a growth-suppressing protein, and a 
family of related proteins, including p107, p130 and p300 (see also Chapter 7). pRb exerts most of its effect in early and mid-G1 by binding and sequestering E2F 
transcription factors28 (Figure 2.3). Repression of transcription by pRb may also involve histone deacetylase recruitment and modification of chromatin structure. 32,33 
pRb levels are relatively constant throughout the cell cycle, but its phosphorylation state varies. 34 Cyclin D- and E-dependent kinases have been implicated in the 
phosphorylation of Rb. It is known that loss of cyclin D-dependent kinase activity before the restriction point prevents many cultured cell lines from entering S-phase, 
but its absence later in the cell cycle is without effect. 35 Complete inactivation of pRb requires sequential phosphorylation first by cyclin D-CDK 4 or 6 complexes and 
subsequently by cyclin E-CDK2.36,37 Also, cyclin D-dependent kinases are dispensable for passage through the restriction point in cultured cells that lack functional 
Rb, and in this setting, ectopic expression of INK4 proteins does not induce G1 phase arrest. 38 Thus INK4 proteins inhibit cyclin D-dependent kinases that, in turn, 
phosphorylate Rb. Conditions that cause pRb phosphorylation favor cell proliferation. Hypophosphorylated pRb can bind the transcription factor E2F, while 
phosphorylation leads to a loss of this association. 34

E2F is actually a group of transcription factors which contain a consensus binding site specific for sequences in the promoters of a number of cell growth control 
genes, such as dihydrofolate reductase, PCNA, CDK1, cyclin E, cyclin A, c- myc, and TK.39 One model of this negative feedback loop involves pRb sequestration of 
E2F in order to control the transcription of genes necessary for cell cycle progression. Upon phosphorylation, pRb releases E2F, leading to the induction of p16 INK4. 
This CKI binds to CDK4 and 6, preventing their binding cyclin D, which is subsequently degraded. This cascade of events mediates the transition into S-phase. 
Various growth inhibitory signals prevent pRb phosphorylation via CDK activity and thus block the cell cycle. Such signals include transforming growth factor b 
(TGF-b), cyclic AMP (cAMP) and contact inhibition. TGF-b can induce expression of the CKI, p15 INK4B, which also targets CDK4 and CDK6 and competes for binding 
with cyclin D. Cell proliferation by this pathway occurs only in cells with functional pRb. TGF-b also reduces CDK4 levels in some cells. Another CKI, p27, interacts 
with CDK2 in cells treated with TGF-b. DNA damage by radiation or other damaging agents blocks pRb phosphorylation through the CKI, p21, to maintain the pRb 
regulated cell block in order to complete DNA damage repair. 34

The primary structures of pRb, p107 and p130, have several regions of highly conserved sequences that likely represent functional domains. The most strongly 
conserved regions correspond to binding sites. Both p107 and p130 contain a spacer region in common which is not found on pRb and is required for interaction with 
cyclin A and possibly cyclin E. These two proteins are phosphorylated, but the function of this change is not known. Both proteins can bind the same transcription 
factors which associate with pRb, including E2F. p130 is found in E2F complexes, primarily in G0, and is lost at the G1/S transition. At that time, E2F is found in 
complex with p107 instead. Both complexes associate with cyclin A and E complexes. Overexpression of p107 results in growth arrest in some cell lines, and this 
does not seem to relate to E2F binding. Overexpression of p130 results in arrest of cell proliferation in some tumor cell lines as well. 40 In general, the pRb family of 
proteins is thought to have similar, possibly overlapping, but not identical roles in the regulation of cell cycle. The fourth protein, p300, has a bromodomain distinct 
from the other members of the family, implicating a role as a transcriptional co-activator. It also interacts with the TATA-binding protein, indicating a role in 
transcriptional regulation. 41

After DNA replication is complete, the cell progresses into the G2-phase. At this time, the levels of cyclin B increase. This protein then forms a complex with CDK1, 
also known as CDC2, to form the M-phase promoting factor (MPF). Activation of MPF requires the phosphorylation of CDK1 on a threonine residue (Thr161) by CAK 
and dephosphorylation of a tyrosine residue (Tyr15) by CDC25 phosphatase. Activated MPF then initiates prophase and also induces the ubiquitin proteosome 
pathway that subsequently causes cyclin B destruction and the initiation of anaphase. 42 Finally, CDK1 is inactivated by the dephosphorylation of Thr161, and the cell 
cycle clock is reset.43

Cell proliferation often requires the presence of external growth factors, which usually influence the cell's commitment to division in G1. Growth factor stimulation of 
cell cycle entry is believed to be mediated by the upregulated transcription of the protooncogenes c- fos, c-myb, B-myb, and ras. Their gene products act as 
transcription factors that increase the expression of specific cell-cycle regulatory genes. 44 For example, stimulation of smooth muscle cells or fibroblasts results in a 
rapid induction of c- fos, which in turn increases cyclin D1, CDK4, and cyclin E mRNA expression. 45 Growth factors also increase levels of c- myc,46 a protein crucial for 
the progression through both the G1- and the G2-phases of the cell cycle. 47 Like c-fos, c-myc induces early G1-phase cyclin accumulation and augments cyclin D- 
and cyclin E-associated kinase activities. 48,49 H-ras is a membrane-associated, guanine nucleotide-binding protein that couples growth regulatory signals from cell 
surface tyrosine kinase receptors to cytoplasmic second messenger pathways. 50 Abolition of ras activity, through the use of dominant negative mutants or neutralizing 
antibodies, inhibits entry of cells into S-phase, 51 while activation or constitutive overexpression of ras protein increases cyclin D levels and shortens G1-phase. 52 
Furthermore, myc and ras proteins collaborate in activating cyclin E/CDK2 and E2F coincident with the loss of the CKI p27Kip1. 53

A role for the tumor suppressor protein p53 in cell cycle regulation has also been suggested (see also Chapter 6).54 It was recently proposed that p53 was induced by 
expression of oncogenic ras through the intermediary p19Arf.55 p53 can act as a transcription factor to up-regulate the expression of a number of genes, including that 
for p21. Expression of p53 can arrest cells in the G1-phase in response to DNA damage and provides the primary mechanism of the antiproliferative effect in G1 of 
irradiation. This protective mechanism has been linked to p53-stimulated accumulation of p21. 54,56 p21 is able directly to block the ability of PCNA to increase the 
processing ability of DNA-polymerase-delta, thereby arresting DNA replication and allowing DNA repair. 57 Alternatively, p53 can promote apoptosis, particularly in the 
presence of free E2F, providing another defense against the propagation of damaged DNA in cells that have progressed past the restriction point R. 58

Many cells exhibit a G2 arrest following exposure to DNA-damaging agents, including ionizing radiation as well as drugs such a nitrogen mustard, cisplatinum, and 
etoposide. It has been hypothesized that this arrest may serve a protective function, perhaps allowing cells to repair damage before progressing through the cell 
cycle.4 There is evidence correlating length of G2 delay following radiation to survival. In the budding yeast S. cerevisiae, a particular mutant, rad9, which fails to 
arrest G2 following radiation, displays much greater radiosensitivity that the wild type which does not arrest in G2. 5 It has been found that rat embryo fibroblasts 
transfected with H-ras and myc were significantly more radioresistant than cells transfected with myc alone (Do 1.68–2.17 versus 1.06–1.08) and that they also 
showed a greater duration of G2 delay following radiation. 59 No differences were found in the induction of rate of repair of DSBs between these lines. 60 In addition, 
drugs such as pentoxyfilline and caffeine, which shorten the length of the G2 arrest following radiation, increase radiosensitivity. 61,62

Further study of the mechanism underlying G2 arrest has shown that synchronized HeLa cells irradiated with 10 Gy in S-phase remained in G2 phase for at least nine 
hours longer than control unirradiated cells. 63 Since it is known that cyclin B in complex with CDK1 is required for exit from G2 and entry into mitosis, the effect of 
radiation on cyclin B expression was studied. In these cells, a profound suppression of both cyclin B mRNA and protein expression was seen compared to 
unirradiated control cells which corresponded temporally to the G2 delay. 64 In addition, this suppression of cyclin B was seen with doses as low as 2 Gy. 64 HeLa cells 
irradiated in G2-phase at a time when cyclin B message expression was elevated with 10 Gy also remained in G2 much longer than control cells and showed a 
depression in cyclin B protein levels. In contrast, cyclin A expression was not suppressed following radiation; in fact, its level actually rose to a higher level than seen 
in unirradiated control cells. 64 Both caffeine and staurosporine, which reduce the length of G2 arrest following radiation, also reversed the suppression of cyclin B 
expression.65

However, cyclin B suppression is not the only regulator of G2/M progression. Studies by Kao and co-workers demonstrated that forcing increased expression of cyclin 
B1 after irradiation using a plasmid encoding cyclin B1 on a dexamethasone inducible promoter only partially reversed the G2 arrest. 66 Thus further controls exist that 
regulate the passage through G2/M after DNA damage. Phosphorylation of Thr14 and Tyr15 on CDK1 renders the cyclin B/CDK1 complex inactive. These residues 
must be dephosphorylated in order for the complex to become activated.11 Paules and co-workers found that irradiation of normal human diploid fibroblasts with 3 Gy 
led to a rapid inhibition of entry into mitosis (G2 delay) which was accompanied by an accumulation of hyperphosphorylated CDK1. 67 Likewise, this effect has been 
seen during the G2 arrest in CHO cells 68 and in human lymphoma line69 after treatment with etoposide and nitrogen mustard respectively.

APOPTOSIS

Apoptosis, or programmed cell death, is a genetically regulated form of cell death which, under normal circumstances, is involved in organogenesis, tissue 
homeostasis, and the editing of the immune system to remove autoreactive clones.70,71 However, apoptosis is also linked to cellular proliferation and can be triggered 
by the loss of cell-cycle controls resulting from the activation of oncogenes that leads to cell transformation. 70 Thus apoptosis also serves as a protective mechanism 
against the development of tumors. Apoptosis can also be triggered in response to external stimuli, including hormonal or growth factor manipulations, 71 and in 
response to a number of toxic agents, including chemotherapeutic drugs and x-rays. 72 It is for these reasons that apoptosis has generated great interest among 
oncologists and cancer biologists, both because of the potential insights the study of apoptosis may yield into carcinogenesis, and in the hope of improving 



established treatments or developing new strategies for cancer treatment to maximize tumor cell apoptosis.

An apoptotic cell loses contact with its neighbors, decreases in size, and shows condensation of chromatin, 73 characteristics which allow for the identification of 
apoptotic cells in tissue. In apoptotic cells, the DNA is often degraded by nucleases at internucleosomal linker sites, yielding DNA fragments in multiples of 180 bp 
which can be detected as nucleosomal ladders after DNA extraction and agarose gel electrophoresis. 73 However, nucleosomal DNA cleavage is not universal, 73 and 
sometimes the DNA is degraded into larger fragments.74 This enzymatic degradation of DNA forms the basis for one method of apoptosis detection, the TUNEL 
assay,75 which relies on the labeling of enzymatically cleaved DNA fragments by the enzyme terminal deoxynucleotidyl-transferase. Apoptotic cell membrane proteins 
are cross-linked, making the membrane more rigid.76 The altered membrane characteristics lead to phagocytosis of apoptotic cells by adjacent cells or macrophages. 
The removal of apoptotic cells by this means greatly reduces the inflammation that would otherwise occur with cell death and lysis. 71

As discussed in the previous section, in response to DNA damage, cells greatly increase their transit time through the cell cycle, due primarily to arrests at G1 and 
G2. These arrests were described in the first paper accurately defining the phases of the cell cycle. 77 In this classic work Howard and Pelc described the G1, S, G2, 
and M components of the cell cycle and noted that both G1 and G2, but not S or M, were prolonged in irradiated cells. It was subsequently noted that all eukaryotic 
cells undergo a G2 delay after irradiation but that many tumor cells fail to arrest in G1. 78 Many of the genes that affect the G1 arrest also influence whether cells 
undergo apoptosis. For example, overexpression of myc leads to a bypass of the G1 arrest normally induced by serum starvation. However, accompanying the loss of 
the G1 checkpoint is the induction of apoptosis in response to serum withdrawal. 79 Similarly, p53 both functions in the regulation of the G1/S checkpoint, 80 and is a 
positive regulator of apoptosis. The loss of G1 arrest resulting from absent or mutated p53 does not necessarily lead to apoptosis however, since the proapoptotic 
function of p53 is also lost. 81 Induction of wild-type p53 expression will cause certain cells to undergo a G1 arrest, while in other cases wild-type p53 leads to 
apoptosis. For example, irradiated fibroblasts with wild-type p53 undergo a G1 arrest but do not undergo apoptosis over the first 72 hours after irradiation, 82,83 
whereas thymocytes rapidly undergo apoptosis that is p53-dependent. 84 Since p53 mutations are among the most frequent lesions present in human tumor cells (seen 
in 50% of NSCLC and 80% of SCLC85), loss of this checkpoint may have a considerable impact on the survival of tumor cells during chemo- or radiotherapy. An 
important question under investigation is what the determinants are that regulate whether a cell will arrest in G1 or will instead undergo apoptosis. Kastan and 
co-workers have postulated that in one system, that of a cell line dependent upon IL-3, the absolute level of p21 (WAF1/CIP1) might contribute to this determination, 86

 but while intriguing, there is as yet no general support of this observation (see also Chapter 6, Chapter 33).

Apoptosis has also been linked to the expression of oncogenes such as bcl-2. It has been shown that expression of bc1-2 can delay or even prevent apoptosis. 87,88 
Conversely down-regulation of bcl-2 has been shown to promote apoptosis. bcl-2 is a membrane-associated protein that in the intact cell is largely found in the 
nuclear envelope, endoplasmic reticulum, and mitochondria. 89,90 It is a member of a family of genes including Bax, Bcl-X (which gives rise to protein products, Bcl-X L 
and Bcl-XS) Mc1-1 and A1. It is also similar to the ced-9 gene of C. elegans,91 and related in function and, to some extent, in sequence to a number of viral proteins 
such as p19-E1B of adenovirus, p30 of baculovirus and BHFR-1 of Epstein-Barr virus. 92,93 Some of the gene products of these genes function like Bcl-2 in preventing 
apoptosis (p19-E1B, Bcl-XL,) others (Bax, Bcl-XS) oppose bcl-2 action and hence promote apoptosis. It has been suggested that apoptosis is regulated not by bcl-2 
alone but by the ratio of bcl-2 to Bax in the cells where both are found. Korsmeyer and co-workers have suggested that the bcl-2/Bax heterodimer constitutes a “preset 
rheostat within cells” determining the extent of apoptosis. 92 Another bcl-2-binding protein, BAD, may act in a similar way to Bax. 93

In normal tissues there is a counterbalance between cell proliferation and programmed cell death or apoptosis. A characteristic feature of many tumors is the loss of 
G1-specific regulators of proliferation. 94 However, if tumor cells are to continue to proliferate and to increase in cell number, then they must also lose the apoptotic 
response. Mutation of p53 appears to confer both deregulation of the G1/S checkpoint and diminished apoptosis. One example where p53 loss has been shown in 
tumor progression is during ultraviolet-light-induced skin carcinogenesis. Cells with DNA damage may die by apoptosis after irradiation due to induction of wild-type 
p53, but cells that have p53 mutations will continue to proliferate and actually establish sectors of skin bearing the mutation. 95 Zarbi and co-workers have described 
similar sectors of cells with ras mutations in the mammary glands of mice that give rise to tumors upon N-nitroso-N-methylurea exposure.96 These mutations may also 
act to suppress apoptosis during mammary carcinogenesis, as ras can inhibit apoptosis in some settings. 83,97 These observations have led to the hypothesis that the 
loss of G1-specific regulation must be accompanied by suppression of apoptosis as a necessary step in carcinogenesis. Similar selection for p53 mutations may occur 
during severe hypoxia in tumors. Graeber and co-worker. 98 showed that cells with wild-type p53 undergo apoptosis at very low oxygen tensions, while cells with 
mutations in p53 do not, leading to a selection for cells with mutations in p53 under hypoxic conditions both in vitro and in vivo.

The loss of the G1 checkpoint in itself does not lead to the inability of cells to undergo apoptosis. Many tumor cells that have lost components of G1 regulation, 
including loss of G1 arrest after serum starvation or irradiation, can nonetheless be induced to undergo apoptosis after treatment with a variety of other stimuli, 
including radiation and some chemotherapeutic drugs. 83,99,100 The study of human tumor cells in tissue culture and oncogene transfection of cells allows modeling of 
some of these situations. We have studied oncogene-transfected rat embryo fibroblasts and found that myc-transfected rat embryo fibroblasts lack a 
radiation-induced G1 block, but are induced to undergo apoptosis by radiation or by serum withdrawal. 83 Co-transfection of ras with myc overrides the apoptotic effect 
of x-rays but not of serum withdrawal. Ras transfection does not restore the G1 checkpoint but greatly increases the radiation-induced G2 delay. 59 A similar situation 
is seen in HeLa cells, which are very resistant to radiation-induced apoptosis, lack a G1 checkpoint, but have a pronounced G2 checkpoint after x-rays. 78 Thus effects 
at the G1 checkpoint cannot be the sole determinants of apoptosis in tumor cells, and we have proposed the hypothesis that events controlling the G2 checkpoint also 
can impact on the induction of apoptosis similar to the effects at G1. 83 This checkpoint, however, will come into play only in those situations where a G2 checkpoint is 
induced.

Finally it should be noted that apoptosis is clearly independent of cell-cycle effects in some cases. Treatment of thymocytes with steroids occurs while the cells are in 
G0, and the resulting apoptosis is a p53-independent process. 70,84,101 There is also no evidence that apoptosis induced by hormone withdrawal from prostate or breast 
tissue is related to the cell cycle. 102,103

MOLECULAR CHANGES IN LUNG CANCER

Lung cancer has been shown to be associated with molecular and genetic abnormalities, many of which affect cell cycle control and apoptosis. These include 
expression of oncogenes such as ras, myc, bcl-2 and c-erbB-2, and loss of tumor suppressor genes like p53, RB, and p16 INK4A. In the following section, we will 
examine each of these in detail and its association with lung cancer (see also Chapter 4, Chapter 5, Chapter 67).

RAS

The ras genes code for 21 kD proteins that are known as G proteins because they bind GDP or GTP (see also Chapter 4). G proteins are members of signal 
transduction pathways which transmit signals from the cell's extracellular environment to the machinery that controls gene expression ( Figure 2.4) thereby controlling 
cell proliferation and the cellular response to its environment. Signaling is initiated by growth factor binding to an extracellular receptor domain. This leads to guanine 
nucleotide exchange factors' (GEFs) recruitment to promote the formation of the active, GTP-bound form of ras.104 GTPase activating proteins (GAPs) accelerate the 
intrinsic GTP hydrolytic activity of ras to promote the formation of the inactive, GDP-bound form of ras.104 Activated ras interacts with several downstream signal 
transduction pathways, such as the raf, rac/rho, and PI3 kinase pathways, 105 thereby causing the signal to move to the nucleus. Mutations in ras at amino acids 12, 
13, or 61 make ras consituitively active by making it nonresponsive to GAPs. 106 This causes a sustained signal to be transmitted through ras to the downstream 
effectors.



FIGURE 2.4. Signal transduction. Many oncogenes and tumor suppressor genes are members of the signal transduction pathway. In this model, a growth factor in the 
extracellular environment interacts with its receptor. This event is signaled to the nucleus via a G protein (ras) which leads to alterations in kinase activity. The 
activation of the kinase cascade results in the binding of a transcription factor to the regulatory sequence of a gene, which causes a change in its expression by 
alteration in mRNA transcription.

There are three forms of ras: H-ras (homologous to the Harvey murine sarcoma virus oncogene), K-ras (homologous to the Kirsten murine sarcoma virus oncogene) 
and N-ras (initially isolated from a neuroblastoma cell line). Activating mutations of ras can be seen in up to 30% of all human tumors. In addition, ras activity is 
up-regulated in many cancers by overexpression in the absence of activating mutations. 107,108 Ras overexpression has been shown to impact on treatment of cancers 
as well. In a series of experiments by McKenna and co-workers with rat embryo fibroblast cells transfected with H- ras and myc or myc alone, it was noted that cell 
lines transfected with both oncogenes were significantly more radioresistant than if transfected with myc alone. The more resistant cell line also showed a greater G2 
delay following irradiation. 59

In lung cancer, K-ras has been shown to be mutated or overexpressed in 30% of adenocarcinomas, 30% of carcinoid tumors, 13% of large-cell carcinomas, and none 
of the squamous or small-cell carcinomas (see also Chapter 4).109,110 K-ras overexpression has been shown to correlate with a worse prognosis in resectable 
cases.111,112 and 113 A retrospective review of 244 patients with stage I non-small-cell lung cancer (NSCLC) treated surgically at the Brigham and Women's Hospital 
(Boston, MA) evaluated the effect of a number of molecular and clinical factors on cancer-free survival. They found K- ras mutations as an independent predictor of 
recurrence on multivariate analysis.114 Although ras mutations have been shown to affect response to radiation and chemotherapy in cell culture, 115 no difference in 
response has been noted in patients with or without ras mutations in terms of treatment with chemotherapy.116 Genetic changes including ras mutations can occur in 
bronchial epithelium well before the development of a tumor that can be clinically detected. In adenocarcinomas, point mutations of ras were detected in sputum 
samples of 11 out of 22 patients by the Point-EXACCT method one month to almost four years prior to the clinical diagnosis of lung cancer. 117 It is possible that 
screening of sputum samples in high-risk patients may potentially improve survival by leading to earlier diagnosis.

MYC

Three forms of myc have been described: c-myc is cellular, n-myc was originally isolated from neuroblastoma cell lines, and l- myc was isolated from small-cell lung 
cancer (SCLC). myc proteins are transcription factors that act via an amino-terminal transactivating domain and are involved in both cell proliferation and apoptosis. 118

 Although they may be activated by truncation, myc genes are not usually mutated in carcinogenesis; instead they are activated by overexpression by either 
up-regulation or gene amplification. 119 In nontransformed cells, myc expression is linked to mitogenic stimuli and is a prerequisite for cell growth. myc expression has 
been shown to be both necessary and sufficient to cause G0 fibroblasts to enter the cell cycle. 120 Conversely, immortalized fibroblasts that constituitively express myc 
are unable to exit the cycle upon serum withdrawal and then undergo apoptosis. 119 The myc oncogene is an early-response gene whose expression rises rapidly at 
the G0-G1 transition and whose currently known functions are largely linked to G1 and early S. Unlike most early-response genes, however, myc expression is 
sustained throughout the cell cycle. In addition to its proliferative function, myc can be shown to induce apoptosis in G0 and G1. 118

In lung cancer, myc amplification is most commonly found in SCLC (see also Chapter 5). In NSCLC, myc amplification is rare (5% to 10%), and if it occurs, it is in 
adenocarcinomas without ras mutations.121 myc amplification in SCLC is associated with the variant morphology. In classic SCLC (approximately 70% of small-cell 
lung cancers), the cells grow as tightly packed floating cellular aggregates with long doubling times and low colony-forming efficiencies. They also have a typical 
biochemical profile. The remaining 30% of small-cell lung cancers can be subdivided into the biochemical variant category that only have altered biochemical profile, 
or the morphological-variant category that have an altered biochemical profile with morphologic features of large-cell undifferentiated carcinoma. The morphological 
variant of SCLC is almost exclusively associated with myc gene amplification122 Analysis of RNA expression shows that 80% to 90% of all SCLC overexpress myc as 
compared to normal lung tissue.123 The overexpression of myc has been associated with poorer survival. In cell lines established from SCLC patients, 7 of 52 (11%) 
untreated patients had myc amplification, as compared to 16 of 44 (36%) patients who had relapsed after chemotherapy. 124 myc expression, however, has not been 
definitively shown to alter radiosensitivity. 125

BCL -2

The bcl-2 oncogene was discovered as a gene whose expression was increased by chromosomal translocations in B-cell malignancies. 126 During development, bcl-2 
is expressed in tissues from all three germ layers. In adults, however, it is expressed in tissues that are renewed from stem cells, have proliferative ability, or that are 
long lived.127 In the past, the function of bcl-2 was viewed like that of many other oncogenes as promoting proliferation or cooperating with other oncogenes in doing 
so. More recently, however, expression of bcl-2 has been shown to delay or even prevent apoptosis. 87,88

The expression of bcl-2 in small-cell lung cancer is quite high at 75% to 80%. 128,129 It has not been associated with any particular histological subtype. 128 In NSCLC, 
bcl-2 protein expression is found in 25% of squamous-cell carcinomas and 12% of adenocarcinomas. 130 The studies are inconclusive to whether bcl-2 has any affect 
on prognosis. In one study, results in squamous-cell carcinoma were improved for patients that had bcl-2 expression.130 Other studies in squamous-cell carcinomas, 
however, have failed to show a difference in survival. 131,132

c-erbB-2

(see also Chapter 4.) The stimulation for cells to grow with out regulation can also occur through the expression of growth-factor receptors on the surface of the cell 
membrane. The c-erbB-1 protooncogene is known to encode for a tyrosine kinase growth factor receptor. The c- erb-B2 gene (also known as the HER-2/neu) encodes 
a protein originally isolated from rat neuroblastomas by virtue of structural similarities to EGF receptor. 133 In the rat neuroblastomas, a mutation in the transmembrane 
domain of neu resulted in constitutive receptor activation. c- erb-B2 is rarely mutated in human tumors, but is rather overexpressed or amplified. 134 The EGF and 
c-erb-B2 receptors have a glycosylated extracellular amino terminus where the ligand binds, a hydrophobic transmembrane region, and a kinase domain contained 
within the intracytoplasmic carboxy terminus. In the cytoplasmic domains of these receptors are several tyrosines that can become phosphorylated upon activation 
and thereafter bind to proteins that contain SH2 ( src homology) domains. The SH2 domains mediate binding of these proteins to the phosphorylated tyrosine residues 
on the receptor.134,135

Gene amplification or overexpression of c-erbB-2 is rare in SCLC, whereas overexpression occurs in approximately 25% of NSCLC. 136,137 The highest expression 
levels are found in adenocarcinomas. c-erbB-2 overexpression, as documented by immunohistochemistry, has been shown to correlate with decreased survival in 
NSCLC138 and to chemoresistance.139 Since NSCLC has also been shown to produce EGF like substances, the possibility of an autocrine loop is raised such that a 
tumor cell expresses both a growth factor and its receptor. 140 An antibody against p185neu has been shown to inhibit proliferation of NSCLC cell lines. 141

P53

(See also Chapter 6.) P53 mutations are the most common genetic changes in human cancer.142 They are seen in more than 50% of NSCLC and 80% of 
SCLC.85,143,144 Mutant p53 was first isolated as what was believed to be a dominant cooperating oncogene which behaved in many ways like myc or the E1A gene of 
adenovirus, in that it would cooperate with ras in transformation assays of 3T3 cells. 145 Subsequently it was realized that the form of p53 which was first isolated 
encoded a mutant, inactive, but long-lived form of the protein which displaced the wild-type but short-lived native form from its binding site and because of this acted 
as a dominant oncogene. p53 is now correctly thought of as a tumor suppressor gene. The action of p53 is complex. It binds to many important cellular proteins and is 
involved in the control of gene expression. 146 The last several years have seen an intense focus on its roles in cell-cycle delay in G1 phase and in apoptosis. It is now 
recognized that p53 can both regulate cell proliferation and induce apoptosis, depending on the circumstances and cellular background. 54,56

The p53 gene is located at 17p13.1 and encodes a 53 kD nuclear protein. 85 Mutations in p53 in lung cancer are of all types: missense, nonsense, splicing, and large 
deletions.147 Missense mutations are associated with prolonged protein half-life and thus with increased steady-state protein level which can be detected via 
immunohistochemistry.148 Immunohistochemical staining, however, misses about one third of mutations in p53 (mostly splicing and nonsense) and occasionally yields 



false positives. 148 Antibodies to p53 have been observed in lung cancer patients and appear to be correlated with the presence of a mutation in the tumor. 149 
Antibodies to p53 may precede the development of clinical cancer. 150

Abnormal expression of p53 has been shown to correlate with both better and worse prognosis. Early studies reported strong adverse prognostic impact, 151 but 
subsequent studies found either no association or even a survival advantage in patients with tumors bearing p53 mutations. 152 More recently, the 
multidrug-resistance-associated protein (MRP) expression in NSCLC was found to be correlated with p53 mutation, and this resulted in a worse prognosis. 153

RB

(See also Chapter 7.) The RB gene is located on chromosome 13q14.11 and encodes for a 106 kD nuclear protein. It is phosphorylated in a cell-cycle-dependent 
manner, interacts with the transcription factor E2F, and is important in regulating cell cycle during G0/G1-phase. 34 When the cell enters late G1-phase to transition 
into S-phase, the RB protein becomes hyperphosphorylated. 34 RB protein, when hypophosphorylated, is complexed to E2F. 28 A crucial event in progression of the cell 
cycle is dissociation of the RB-E2F complex when RB becomes hyperphosphorylated. E2F is actually a group of transcription factors which contain a consensus 
binding site specific for sequences in the promoters of a number of cell-growth control genes, such as dihydrofolate reductase, PCNA, CDK1, cyclin E, cyclin A, 
c-myc, and TK.39

The RB gene is mutated or absent in more that 80% of SCLC and 40% of NSCLC.154 In addition, disruptions of the RB pathway (RB, cyclin D1 and/or p16) can be 
seen in 90% of NSCLCs.155 Thus the RB pathway plays an important role in tumorigenesis in lung cancer. Prognostically, however, no correlation has been found with 
alterations in RB and clinical outcome. 156 Like p53, it has been shown to be correlated to the multidrug-resistance gene and may be a marker for the assessment of 
sensitivity to some chemotherapeutic drugs.157

P16INK4a

P16INK4A is a cyclin-dependent kinase inhibitor which binds to CDK4 and 6, preventing their binding cyclin D. 34 As a result, RB is hypophosphorylated, and E2F is not 
released. P16INK4A therefore functions as a tumor suppressor by contributing to the G1/S cell cycle checkpoint. Mutations in p16 INK4A are found in 50% of NSCLC and 
not reported in SCLC.158 These mutations are frameshift, methylation, or homozygous deletion. 158 There is an inverse relationship between the presence of p16 INK4A 
mutations and RB expression in tumors.159 Levels of p16INK4A have not been shown to correlate with prognosis.

CLINICAL APPLICATIONS IN LUNG CANCER

Lung cancer is one of the most prevalent and lethal cancers. Despite recent advances in treatment, the long-term survival data show that only 10% of all patients are 
long-term survivors for NSCLC and 3% for SCLC.160,161 To make an impact on the curability of lung cancer, we need to understand the biology of the disease and 
apply this to the development of novel diagnostic and therapeutic approaches. As outlined in the previous sections, numerous advances have been made recently in 
understanding the biology of lung cancer. These have led to potential techniques for diagnosing lung cancer at earlier stages, prognostic information to identify 
poor-risk patients, and various therapeutics under investigation such as gene therapy, antisense therapy, monoclonal antibody therapy, biologic response modifiers, 
and agents to enhance apoptosis.

Diagnosis of lung cancer at earlier stages can certainly make an impact on survival. Surgery in stage I/II disease can lead to five-year survival rates of 40% to 60%. 162

 Development of ras mutations in bronchial epithelium can be detected in sputum samples as early as one month to four years prior to the clinical diagnosis of lung 
cancer.117 p53 protein has also been found in sputum samples of patients with bronchial dysplasia. 163 Antibodies to p53 have been observed in lung cancer patients 
and appear to be correlated with the presence of a mutation in the tumor. 149 Antibodies to p53 may precede the development of clinical cancer. 150 Aberrant 
methylation of p16INK4A has been found to be an early event in lung cancer, with its frequency increasing with disease progression from basal cell hyperplasia (17%) 
to squamous metaplasia (24%) to carcinoma in situ (50%).164 With the application of these advancements in molecular biology techniques, it is possible that lung 
cancer could be detected in the preinvasive stages.

Mutations in ras, myc, and c-erbB-2 have been shown to correlate with a worse prognosis.111,112 and 113,124,138 In addition, mutations of p53 and RB have been 
associated with the multidrug-resistance gene and may be markers for the assessment to some chemotherapeutic drugs. 153,157 It is plausible that assessing the 
bimolecular profile of the patient's tumor may assist in selecting the best therapy and prognostic category for patients to determine whether more aggressive treatment 
is warranted (see also Chapter 33).

With the various molecular changes seen in lung cancer, it can be hypothesized that replacing the defective gene/protein or decreasing the expression of the 
overexpressed ones may be a potential treatment. Studies have mostly focused on p53, c-erbB-2, and ras. Work on p53 done by Roth and co-workers has shown that 
administration of an adenoviral p53 vector to 21 patients with advanced non-small-cell lung cancer produced little toxicity and increased the sensitivity to cisplatinum 
in a phase I clinical trial. 165 A phase II clinical trial is being planned. In addition, a liposome-p53 complex delivered through the airway was effective in inhibiting lung 
tumor formation in transgenic mice with p53 deletions.166 This may be a more direct way of getting p53 to the involved tissue (see also Chapter 6, Chapter 16).

Both K-ras and c-erbB-2 are overexpressed in lung tissue. One way to decrease their expression is by antisense therapy where a construct that binds to the active 
form is introduced into the cells. In nude mice, the introduction of a retroviral vector expressing antisense K- ras was reported to induce a marked reduction in tumor 
size and number of tumors with established tumor nodules created by intratracheal inoculation of human lung cancer cells. 167 With the overexpression of surface 
vectors such as c-erbB-2, toxins that specifically bind to the surface receptor have been tried. In mice with renal cell carcinoma, which also overexpresses c- erbB-2 as 
lung cancer does, systemic treatment with a recombinant c-erbB-2 receptor-specific tumor toxin reduced the number and size of pulmonary metastasis. 168

We have been investigating molecular events that occur following ionizing radiation leading to DNA damage and repair, apoptosis, and cell cycle arrests. 59,60,63,64,65 and 

66 We and others have studied the radiosensitizing effect of drugs such as caffeine 61 and pentoxyfylline62 which alter G2 arrest. Unfortunately, these compounds are 
too toxic for clinical use in the doses that are required for radiosensitization. However, less toxic analogues are being developed. 169,170 ras has been implicated in the 
radioresistant phenotype,171 and we have been investigating drugs that can inhibit its function so that tumors may become more radiosensitive. We have studied 
farnesyl transferase inhibitors that block ras processing that is required for its activity. 172 The treatment of tumor cells with FTI's has been shown to radiosensitize 
these tumors that express activated H- and K-ras in vitro.100,173 Studies of their effect in vivo are underway.
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The oxidants in smoke, including both free radicals and nonradical oxidants, are responsible for the biological damage caused by smoke, including damage to 
DNA,1,2,3,4,5,6,7,8,9,10,11,12 and 13 proteins,8 and lipids.14,15,16 and 17

Cigarette smoke is operationally divided into two phases: a particulate phase (“tar”), and gas-phase smoke. The two phases are separated using a filter, typically a 
Cambridge filter made of glass fibers that retains more than 99.9% of the particles 0.1 µm or larger. The principal compounds in gas-phase smoke and tar are shown 
in (Table 3.1). Gas-phase smoke and tar contain very different types of free radicals and oxidants.

TABLE 3.1. CONSTITUENTS IN TAR AND GAS-PHASE (MAINSTREAM) SMOKE26

GAS PHASE SMOKE

Gas-phase cigarette smoke contains high concentrations of both oxy-radicals and nitrogen oxides (which also are free radicals), particularly nitric oxide. 18 The organic 
radicals produced by the flame itself are too short-lived to reach the lung. The organic radicals in gas-phase smoke are formed by the slow oxidation of nitric oxide, 
•NO, to nitrogen dioxide, •NO2 (Reaction 1). Nitrogen dioxide, which is more reactive toward organic compounds than is •NO, then adds to isoprene and other reactive 
olefins in the smoke to produce carbon-centered radicals, as shown in Reaction 2. The carbon-centered radicals then react with dioxygen to form peroxyl radicals 
(Reaction 3), and these species can cause lipid peroxidation and other types of biological oxidations. 2,19,20,21 and 22 The peroxyl radicals also can react with nitric oxide 
to form esters of peroxynitrite (Reaction 4).7,22

[1]

[2]

[3]
[4]

The radicals in gas-phase smoke are very short lived and react within a fraction of a second on entering the lung. 2,19 When smoke is absorbed by models of the lung 
lining fluid, these species produce a complex mixture of reactive oxygen species (ROS), such as hydrogen peroxide, peroxyl and alkoxyl radicals, and reactive 
nitrogen species (RNS), including peroxynitrite, peroxynitrate, and their esters, as shown above. 2,7,20,22 The oxidants in gas-phase smoke initiate lipid 
peroxidation.14,15,16 and 17 They also oxidize the principal human anti-proteinase, a-1-proteinase inhibitor; in this case, it is H 2O2 that is the principal oxidant. 8,23

AQUEOUS CIGARETTE TAR (ACT) EXTRACTS AND DNA DAMAGE

In contrast to the short-lived radicals in the gas phase, cigarette tar contains high concentrations (more than 10 17 radicals per gram) of extremely stable radicals. 
These stable radicals can be directly observed by EPR methods, either directly on the filter or in organic 24 or aqueous solutions.7,8,9,10,11,12 and 13 At least four different 
radicals have been identified in tar, based on their EPR characteristics; 24 the most interesting is a low-molecular-weight semiquinone (QH•) that is in equilibrium with 
quinones (Q) and polyphenols (QH 2).

2,19 The principal polyphenols in aqueous cigarette tar (ACT) extracts are hydroquinone and catechol. 6,11,25,26 and 27

The tar-radical system is readily water-soluble and can be extracted into aqueous solutions; the EPR spectra of ACT solutions contain a broad signal with a G value 
of 2.0035 that is typical of organic semiquinones. 7,28 (The G value of a radical can be used to characterize its chemical type.)

Since the tar radical is water-soluble, the aqueous fluids bathing the lung will contain this long-lived radical; for this reason, we have concentrated our studies on the 
biological damage that this tar radical can produce. 2,3,7,8,9,10,11,12 and 13,19,24 ACT solutions nick plasmid DNA,29 producing nicks of a type that are not easily repairable. 4 
Thus error-prone mechanisms may be involved in the repair of the tar-radical–induced nicks, and these erroneous repairs could lead to mutations. The tar-radical 
system can also penetrate rat thymus cells, reach the nucleus, and bind to and nick the nuclear DNA. 7,10,11,12 and 13 Thus the radical system is sufficiently stable to be 
able to diffuse through the lung lining fluid, reach and penetrate cells and subcellular organelles, and thus reach nuclear DNA.

The first interaction of the tar-radical system with DNA appears to be an association of the semiquinone radical with DNA; this association is probably a complexation 
of the quinones, polyphenols and semiquinones with DNA, and this complex also probably binds metal ions. 10,11 and 12 We demonstrated this binding by isolating DNA 
from intact rat alveolar macrophage (RAM) cells that had been exposed to ACT extracts and showing that the tar radical EPR signal becomes incorporated into the 
DNA. After binding, DNA nicks are observed, and the nicking follows saturation kinetics, suggesting that the binding occurs to certain sites on the DNA chain that then 
become saturated.7,10,13,30 The EPR properties and the DNA-damaging effects of mainstream and sidestream tar solutions are comparable to those of aged catechol 
solutions, as shown in (Table 3.2).27



TABLE 3.2. COMPARISON OF DNA DAMAGE, HYDROGEN PEROXIDE PRODUCTION, AND THE EFFECTS OF INHIBITORS FOR TAR EXTRACTS FROM 
MAINSTREAM AND SIDESTREAM SMOKE AND AGED CATECHOL SOLUTIONS

Based on these nicking and binding studies, we have proposed a model in which the tar radical first binds to and then nicks DNA. 3,13 This model is shown in (Figure 
3.1).

FIGURE 3.1. Model of the tar radical binding to and nicking DNA. 1: Aqueous extracts of cigarette tar contain a semiquinone/hydroquinone/quinone radical in a 
low-molecular-weight polymeric matrix that binds to DNA. 2: The semiquinone radicals reduce dioxygen to form superoxide. 3: Superoxide then dismutates to form 
hydrogen peroxide. (Hydrogen peroxide may also diffuse into the nucleus from other loci in the cell.) 4: Metals chelated to the tar react with hydrogen peroxide to form 
hydroxyl radical (or ferryl) species that nick DNA. (From Pryor WA. Cigarette smoke and the involvement of free radical reaction in chemical carcinogenesis Br J 
Cancer 1987;55[Suppl. VIII]:19; Pryor WA, Stone K. Oxidants in cigarette smoke: radicals, hydrogen peroxide, peroxyritrate, and peroxynitrite. In: Diana J, Pryos W, 
eds. Tobacco smoking and nutrition: influence of nutrition on tobacco associated health risks. Annals of the New York Academy of Sciences, Vol. 686, New York: New 
York Academy of Sciences, 1993:12; Pryor WA. Cigarette smoke radicals and the role of free radicals in chemical calcinogenicity. Environ Health Perspect 
1997;105:875, with permission.)

FRACTIONATION OF ACT SOLUTIONS

Fractionation of ACT extracts by Sephadex chromatography allows the isolation and identification of those fractions that contain the Q/QH 2/QH• system. These 
fractions absorb dioxygen and undergo autoxidation to produce superoxide and hydrogen peroxide, as shown in Reaction 5, Reaction 6 and Reaction 7.

[5]

[6]
[7]

Cigarette tar binds metals such as iron, and either this tar-bound iron or iron present in the biological mileau causes the iron-catalyzed production of hydroxyl radicals, 
as shown in Reaction 8 (the Fenton reaction).

[8]

We find that the DNA-nicking activity of the tar is virtually exclusively possessed by the fractions that contain the Q/QH 2/QH• system11,13,27 (Figure 3.2). We believe it 
is the hydroxyl radical, produced in the close vicinity of the DNA strand by the Fenton reaction ( Reaction 4), that is responsible for the DNA nicks that ACT solutions 
cause.13,29,31

FIGURE 3.2. The separation of ACT solutions by Sephadex chromatography, showing that the DNA nicking activity is primarily in the fractions that contain the tar 
radical. A: Absorbance at 280 nm for 78 fractions of ACT subjected to Sephadex chromatography. B: Hydrogen peroxide production (determined indirectly as the 
uptake of dioxygen) for all 78 fractions. C: The EPR signal intensity of the stable free radical signal for all 78 fractions. The EPR signal intensity was estimated by the 
height of the highest peak. EPR parameters were: microwave power, 10 mW; modulation amplitude, 0.63 G; time constant, 0.2 s; receiver gain, 2 × 104; scan time, 
200 s. D: The 78 ACT fractions were consolidated (based on their UV spectra) into eight major fractions, and these eight fractions were assayed for DNA-damaging 
activity in rat thymocytes (Qd, DNA damage quotient). (From Pryor WA. Cigarette smoke radicals and the role of free radicals in chemical carcinogenicity. Environ 
Health Perspect 1997;105:875; Pryor WA, Stone 15, Zhang L-Y, et al. Fractionation of aqueous cigarette tar extracts: fractions that contain the tar radical cause DNA 
damage. Chem Res Toxicol 1998;11:441, with permission.)

ACT solutions also contain large amounts of nicotine and nitrosamines. To test if the Q/QH 2/QH• system is the agent in cigarette tar that causes DNA damage, and to 
dissociate the toxicity of nicotine from the effects of the tar-radical system, we developed a simplified model to study the tar radical. Aged solutions of catechol form a 



radical that has a similar G value, 2.0035, to the radical observed in ACT. 2,7 Fresh solutions of catechol do not nick DNA; 32,33 and 34 however, catechol autoxidizes to 
give semiquinone radicals. We have used autoxidized solutions of catechol as a simplified model for ACT; these solutions contain a radical similar to that in ACT 
solutions, yet any unreacted (unoxidized) material would have no effect. Aged solutions of catechol, like tar extracts, nick DNA in rat thymocytes. (Thymocytes are a 
frequently used cell type in the DNA nicking assay. 35)

These aged catechol solutions, like the ACT solutions, contain a semiquinone radical that becomes associated with double-stranded DNA in RAM and then causes 
nicking with saturation kinetics.10,13,27 In addition, using radiolabeled catechol, we have shown that this tarlike Q/QH 2/QH• system binds to DNA and in about the 
expected amounts based on nicking data (unpublished work by Dr. M.G. Salgo). The similarily of aged catechol solutions and the cigarette tar radical extracts leave 
little doubt that it is the Q/QH 2/QH• system in tar that is responsible for the nicking observed.

PRODUCTION OF HYDROGEN PEROXIDE AND RADICALS FROM TAR EXTRACTS

It is our hypothesis that superoxide and hydrogen peroxide result from the reduction of dioxygen by the semiquinone radicals in aqueous tar solutions and in aged 
catechol solutions (see Reaction 5, Reaction 6 and Reaction 7). Superoxide and hydroxyl radicals have both been observed in aqueous tar extracts by EPR 
methods.11 We detect hydrogen peroxide in ACT extracts from both mainstream and sidestream smoke and also from aged catechol solutions, as summarized in 
Table 3.2.7,11,27 (Sidestream smoke rises into the environment between puffs.) Hydrogen peroxide can be reduced to the hydroxyl radical by metals such as iron 
(reaction 8), and iron is present in tar extracts. The hydroxyl radical is known to be able to nick DNA. In addition, superoxide can lead to the liberation of iron from 
ferritin.6

DNA NICKING AND SCAVENGERS

Cigarette tar extracts from both mainstream and sidestream smoke nick DNA in rat thymocytes, and aged catechol solutions also cause DNA nicking. This nicking 
appears to follow saturation kinetics in all three cases. To investigate the mechanism of DNA nicking by smoke extracts and aged catechol solutions, we studied the 
effects of catalase, superoxide dismutase, glutathione, deferoxamine, and diethylamine pentaacetic acid (DTPA). Catalase protected DNA against damage by both 
mainstream and sidestream tar extracts. Catechol did not protect DNA against nicking, probably because catechol is an effective inhibitor of catalase. Superoxide 
dismutase (SOD) did not protect against DNA damage. Deferoxamine and DTPA are divalent metal ion chelators and neither had a very dramatic effect. Our model of 
tar causing DNA nicking involves the presence of metals; however, the metals probably are tightly complexed to the cigarette tar or to the DNA, and thus unaffected 
by chelators in solution. Table 3.2 summarizes our results for these inhibitor studies.

CONCLUDING REMARKS

The oxidants in gas-phase smoke and in cigarette tar are quite different, but both appear to be involved in the damage to biomolecules that cigarette smoke causes. 
The oxidants in gas-phase smoke are shorter lived and more transient, but those in tar are long lived and can be expected to be a part of the aqueous fluid that 
bathes a smoker's lungs. In particular, we have shown that the tar radical, a semiquinone radical that reduces dioxygen to form superoxide, hydrogen peroxide, and 
ultimately the hydroxyl radical, can penetrate cells and cause DNA damage.
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Malignant transformation of a normal lung epithelial cell is the culmination of multiple genetic aberrations, 1,2 and two that are frequently associated with human lung 
cancer are ras and erb-B2. This chapter overviews these two oncogenes, their mechanisms of action, and their effect upon clinical outcome.

(Genes are denoted in italics and protein products are written in capital letters.)

RAS ONCOGENES

The family of RAS genes of H-RAS, K-RAS, and N-RAS is differentiated by their homology to different sarcoma oncogenes. Each of these codes for a 188 amino acid, 
21 kD (p21) guanine-binding protein that is localized to the inner side of the plasma membrane. Such location and composition enable RAS proteins to “transduce” an 
appropriate signal from the extracellular milieu to the cell nucleus, thereby affecting gene transcription and directing cellular response to external stimuli. RAS 
constitutes the a subunit of a complex that also includes a receptor, an effector, and a bg dimer (see Figure 4.1). Most RAS protein within a cell exists in an inactive 
state with bound guanosine diphosphate (GDP). The bg subunit connects the a subunit to the receptor. When a signal ligand binds to the receptor, there is a 
conformational change in the guanine-binding site on the a molecule that promotes the exchange of guanosine triphosphate (GTP) for GDP. This action also moves 
the a molecule from the bg subunit to the effector molecule. The effector for RAS is a tyrosine kinase that can phosphorylate amino acid residues of proteins such as 
RAF1, one of the mitogen-activated protein kinases (MAPK). 3

FIGURE 4.1. Ras signaling transduction pathway. Ras functions as a switch to relay extracellular ligand-stimulated signals from the inner cell membrane surface 
through the cytoplasm, and to the nucleus. The pathway places RAS downstream from a receptor tyrosine kinase, such as the epidermal growth factor receptor 
(EGFR)/ERB B2 heterodimer, and upstream of multiple serine/threonine kinases. A signal can be carried from outside the cell to the cell nucleus, where activated 
extracellular signal-regulated kinase (ERK) can be transported across the nuclear membrane and activate transcription factors known as MYC, JUN, and FOS. Tumor 
growth factor alpha (TGF-a), Src homologous complex (SHC), Son of Sevenless (SOS), growth factor response binding protein (GRB2), GTPase activating protein 
(GAP), guanosine diphosphate (GDP), guanosine triphosphate (GTP), MAPK/ERK kinase (MEK). (From Vojtek AB, Der CJ. Increasing complexity of the Ras signaling 
pathway. J Biol Chem 1998;273:19925, with permission.) (See Color Figure 4.1.)

An example of RAS signal transduction is the epidermal growth factor receptor (EGFR) and ERB B2 heterodimer receptor, as shown in Figure 4.1. When TGF-a binds 
to this receptor complex, RAS is activated, subsequently inducing nuclear transcription factors that enhance cellular proliferation. In the process, the receptor is 
phosphorylated and the associated tyrosine kinase activates the Src homologous protein complex (SHC) that promotes dimerization of two other tyrosine kinases, 
Son of Sevenless (SOS) and growth factor response binding protein (GRB2). The newly formed dimer binds and activates RAS by producing a conformational change 
that enables RAS to bind GTP.4 Thus, RAS acts as a “switch” that initiates a cascade of protein activations, beginning with RAF1, to transmit a signal from the cell 
membrane to the nuclear transcription machinery. Ultimately, the RAS signal transduction pathway activates nuclear protooncogenes that can form leucine zippers or 
helix-loop-helix transcription factors such as MYC, FOS, and JUN. These latter factors influence many cellular activities including transcription, translation, 
cytoskeletal organization, Golgi trafficking, vesicle formation, and cell-cell interactions. The effector will remain active until the a subunit's GTPase dephosphorylates 
the bound GTP to GDP.

RAS Oncogenes and Lung Cancer

One can imagine that if RAS became constitutively activated, there would be an exaggeration of the downstream effects, especially cell division. In keeping with this 
supposition, researchers have found two general mechanisms for aberrant RAS activation. The first is point mutations that cause irreversible binding of GTP. The 
most common mutations are within codons 12, 13, or 61, although Japanese and Chinese studies have also implicated codons 59 and 63. 5 While mutational 
activations of HRAS and NRAS are rare events in human lung cancer, several laboratories have reported a frequent association with KRAS.6 For example, 
Richardson's study of 52 lung cancer patients revealed a prevalence of 15% to 20% of all non–small cell lung cancers (NSCLC), with the most common subtype being 
adenocarcinoma. In this study as well as others, the incidence of KRAS mutations for adenocarcinoma tumor tissue is approximately 30%.2 Similar mutations are 
rarely detected in small cell lung cancer (CLC). Richardson noted that 85% of the lung cancer specimens that had KRAS mutations showed point mutations on codon 
12, and nearly 70% of these were G-to-T transversions that change a glycine codon (GGT) to valine (GGT) or cysteine (TGT). 7

In an attempt to establish a link between carcinogen exposure and RAS mutations, Prahalad and associates examined the mutational spectra of RAS exposed to 
benzopyrene, one of the carcinogenic ingredients of tobacco smoke. 8 The predominant mutations found in chemically induced murine lung tumors were transversion 
mutations in codons 12 and 61. Cells which acquired mutations in both p53 and KRAS lost the G1 arrest phase of the cell cycle. 9 These cells are unchecked and grow 
with progressive cellular dysregulation, leading to overt neoplasia.

The second model of RAS-mediated oncogenesis involves protein overexpression. Theoretically, the affected pulmonary epithelial cells could produce enough RAS 
protein that some RAS could bind GTP without the “activation” of the SHC/GRB2/SOS complex. Anti-H- RAS-specific antibodies have been shown to improve 
sensitivity of tumor tissue screening to 80% in adenocarcinomas and 40% in squamous carcinomas. 10 A tenfold increase in transcription of H- RAS is sufficient to 
confer a functionally active amount of GTP-bound RAS in a cell,11 and since signal-transducing protein dysfunctions downstream from HRAS should produce similar 
oncologic phenotypes, overexpression can initiate malignancy. However, the importance of H- RAS activation in human lung cancer by overexpression is controversial 



because the observed levels may be insufficient, based upon in vitro studies with human and murine cells.12 Yet overexpression of HRAS detected by 
immunohistochemistry has been reported to be a highly frequent character of lung squamous cell carcinomas. 13

RAS as a Biomarker of Early Detection of Lung Cancer

Recently studies to identify individuals at high risk for lung cancer have assessed cells from sputum, 14 bronchial alveolar lavage (BAL) 15 or endobronchial biopsies16 
for KRAS mutations. The Johns Hopkins Lung Project utilized sputum samples to retrospectively assess for an incidence of KRAS mutations. From 15 patients who 
later developed adenocarcinoma of the lung, eight sputum samples showed KRAS mutations in codon 12. The sputum PCR analysis was positive as early as four 
months prior to clinical diagnosis and reverted following curative resection in all cases. Lehman and colleagues 15 used BAL specimens from patients who have 
already been surgically treated for NSCLC. Using a ligase chain reaction, these researchers were able to detect KRAS mutation in five out of 12 patients in spite of a 
background of 99% normal airway DNA. Clements and associates evaluated bronchoscopic biopsies of patients with varied histological diagnoses of lung cancer. The 
biopsies were paired samples of endobronchial lesions and distant airway sites. The patients' airway epithelium exhibited cellular changes ranging from histologically 
normal to metaplastic to frankly malignant. The samples were then assayed for K-RAS mutations. In only 50% of the eight patients with adenocarcinoma, KRAS 
mutations were present at the site of the lesion. Meanwhile, two of the nine patients with histologic inflammatory changes showed evidence of KRAS mutations. 
Clinical experimentation shows that while KRAS mutations can predict the presence of carcinogen-insulted bronchial epithelium, this molecular marker is not 
ubiquitous in neoplasms, nor is it activated only in oncologic states. 17 Therefore, a positive RAS assay may correlate to DNA damage without necessarily conferring 
malignant potential.

Prognostic Impact of RAS

Many researchers suggest that K-RAS mutations portend a poor clinical prognosis for patients with adenocarcinoma. 13,18,19 See Figure 4.2 as an example of this 
relationship. Clinicians have attributed the increased mortality to therapeutic resistance. However, this largely retrospective observation was not supported when 
Rodenhuis performed a prospective study on late-stage (inoperable) cancers. 20 The study showed that KRAS mutations had no correlation with late-stage cancer 
survival or chemosensitivity. This conclusion was confirmed by a later Japanese study. 21 Furthermore, Tsai and associates used an in vitro model to refute the 
contention that cancers with KRAS mutations have increased resistance to chemotherapy and radiotherapy. 22 The prognostic impact of RAS may be more relevant to 
patients without lymphatic involvement. A Japanese study of 115 surgical patients without lymph-node metastasis showed a significant survival advantage in stage I 
and stage IIIA cancers without KRAS mutations (see Figure 4.3).23 Therefore, the survival advantage of patients without K-RAS mutations is seemingly limited to 
premetastatic stages of lung cancer.

FIGURE 4.2. Comparison of survival with RAS mutations. Survival is significantly elevated in patient populations without RAS mutation in evaluating the time from 
tissue acquisition with respect to (A) any RAS mutations, and (B) K-RAS codon 12 mutation. (From Mitsudomi T, Steinberg SM, Oie HK, et al. Ras gene mutations in 
non–small cell lung cancers are associated with shortened survival irrespective of treatment intent. Cancer Res 1991;51:4999, with permission.)

FIGURE 4.3. Comparison of nonmetastatic survival with RAS mutations. The Kaplan Meier survival curves after surgery for adenocarcinoma of the lung with respect 
to presence or absence of RAS mutations. Overall survival is unaffected by presence of RAS mutations (A) p = 0.1513 by generalized Wilcoxon test. However, 
absence of RAS mutation in patients without lymph node metastasis following curative resection had a significant impact upon survival (B) p = 0.212 by generalized 
Wilcoxon test. The numbers of patients with stage I and stage IIIA disease were 44 and 4 in the RAS negative group, and 8 and 1 in the RAS positive group 
respectively. (From Sugio K, Ishida T, Yokoyama H, et al. Ras gene mutations as a prognostic marker in adenocarcinoma of the human lung without lymph node 
metastasis. Cancer Res 1992;52:2903, with permission.)

Therapy

The well-described details of RAS protein (p21) biochemistry have prompted many to generate antitumor therapy through inhibiting the activity of this protein. Several 
pharmacologic approaches to this end have been proposed to interfere with the effective cellular activity of p21. To date, there are five approaches to RAS inhibition 
in antitumor therapy: antisense exposure; ribozymes that block expression of the protein; GTPase activating proteins (GAP) stimulation to dephosphorylate activated 
RAS; signal transduction interference; and blocking membrane localization of RAS.

Experiments with antisense oligonucleotides have also shown that it is possible to inhibit selectively the expression of mutated RAS with little interference upon the 
wild-type RAS gene expression. Employing antisense oligonucleotide methylphosphates, concentrations in the range of 100 µM have been required to achieve 
selective inhibition of mutated KRAS mRNA. Using phosphorylated oligonucleotides of optimal size (17 nucleotides), somewhat lower concentrations may be effective, 
but it is not clear whether it will be possible to create the conditions under which it is possible in vivo. In a preclinical study of gene therapy to cause complete 
inactivation of the mutated gene transcript, a retrovirus that transduces an anti-K- RAS antisense construct has been instilled intratracheally in mice. 24 This treatment 
prevented outgrowth of orthotopically implanted human lung cancer cells, and human trials are anticipated. An alternative approach could be gene therapy in which 
DNA coding for ribozymes that specifically cleave mutated KRAS mRNA is introduced. Ribozymes directed against mutant HRAS have been shown to inhibit colony 
formation and induce reversion of cell morphology to a more normal appearing phenotype. 25

The GAP proteins (see Figure 4.1) for RAS are novel and responsible for stimulation of the GTPase activity associated with the a subunit of a protein. KRAS 
mutations are thought to decrease the sensitivity of RAS to GAP, and leave RAS in a GTP-bound, activated state. These suppositions have been borne out in in vitro 
studies.26,27 Therefore, the generation of an engineered RAS GAP may serve to stimulate GTPase activity even in oncogenic RAS.

As previously mentioned, activated RAS undergoes a conformational change to promote GTP binding. If the signal cascade were interrupted directly or indirectly, the 



increased RAS signal would not reach the cell nucleus. Accordingly, some researchers have suggested a GTP analog to bind the activated RAS and inhibit RAF1 
phosphorylation (see Figure 4.1).25 Others suggest blocking signal transduction from the MEK (MAP/ERK kinase) and MAP kinases of the cascade. 28,29 However, 
MEK and RAF1 mutants do not transform lung cells nor are they found in lung cancer cells except in exceedingly rare cases. Thus, successful applications of these 
approaches appear remote.

A particularly interesting target for pharmacologic interventions may be the enzyme farnesylprotein transferase, which is responsible for farnesylation of p21. 30 
Farnesylation is a requirement for membrane attachment of the molecule. The enzyme can be inhibited in vitro by small peptides that compete with RAS protein; 
however, the toxicity to normal tissues might be significant. Lastly, data from in vitro studies employing plasmids containing antisense KRAS constructs suggest that 
blocking K-RAS mRNA translation may result in inhibited growth and in decreased tumorigenicity.

RAS is only one of many proteins that are responsible for signal transduction and cell fate determination. This protein has a historical role in molecular oncology in 
that it represents the first direct link of genetics to malignancy. However, other researchers have confirmed that RAS mutation or RAS overexpression is not alone 
sufficient to transform normal epithelial cells. 31 Therefore this pathway requires further clarification of mechanism and utility as an oncogenic focus.

ERBB-2

Ligand binding is used to categorize the first three of the four members of the ERB B gene family of receptor tyrosine kinases. The first group includes epidermal 
growth factor (EGF), transforming growth factor-a (TGF-a), and amphiregulin; these all recognize the original member of this family, EGF receptor (EGFR). In the 
second group are the ligands betacellulin (BTC), heparin-binding EGF-like growth factor, and epiregulin; these bind to both EGFR and HER4. Neuregulin-3 (NRG3) is 
the only known member of the third category; it has specificity only for erbB-4. The last group of ligands are the heregulin differentiation factors HRGb1, sensory and 
motor neuron-derived factor (SMDF), and neuregulin-2 (NRG2); they all bind to erbB-3 and erbB-4. The last member of the family, erbB-2 (also designated as HER2 
or p185neu) is a 185 kD glycoprotein. The molecule has a glycosylated amino-terminal extracellular region containing the ligand binding site, a hydrophobic 
transmembrane region, a cytoplasmic carboxyl terminal domain containing the kinase activity, and presumed regulatory sites. However, it does not directly bind any 
known ligand. Instead, it heterodimerizes with the three other family members, and enhances ligand-binding affinity and reduces the rate of dissociation. These 
heterodimers also amplify the elicited signal through activation of the erbB-2 intracellular kinase domain and auto-cross-phosphorylation. The phosphorylated tyrosine 
residues in the receptor's cytoplasmic tail, in turn, serve as high-affinity binding sites for cytosolic substrates containing SRC-homology 2 (SH2) domains, for example, 
GRBs. Depending on the heterodimerization partner, the signal then traverses the RAS, P13K, or CDC42 cascades to the nucleus.32,33,34,35,36,37 and 38 These signal 
cascades culminate in the nucleus, where they regulate transcription. Elevated expression of ERB B family members has been reported in a variety of human cancers. 
With respect to lung tissue, normal epithelial cells, carcinoids, and NSCLC cells are either negative, or minimally positive for expression of erbB-2 to 4.39,40,41,42 and 43 In 
contrast, erbB-2 is highly expressed in 30% to 90% of SCLC tumors. However, contrary to the common gene amplification mechanism seen in most other cancers, 32 
lung tumors overexpress this receptor by a mechanism that remains to be delineated. 2 erbB-3 is also frequently overexpressed in NSCLC tumors, and information on 
the potential importance of elevated expression of erbB-4 in NSCLC lung carcinogenesis has been intimated. 44,45 and 46

The mechanism(s) whereby excess erbB-2, and possibly erbB-3 and erbB-4, contribute to lung carcinogenesis is unclear. However, recent observations by Gerwin 
and co-workers46,47,48 and 49 have shown, using an in vitro model system, that excess autocrine expression of the ligand TGF-a can be involved. By transfecting Beas2B 
human airway epithelial cells with a constitutively expressing erbB-2 construct, these investigators found that conversion of the cells to tumorigenicity was directly 
associated with excessive autocrine expression of TGF-a. 48 They have shown elevation of MAPK activity in tumorigenic cells (see Figure 4.1), and signaling pathway 
depression of cells transfecting with a TGF-a antisense construct. The antisense-expressing cells also lost the tumorigenic phenotype. These studies indicate that 
overexpressed erbB-2 implements TGF-a manifested tumorigenicity. More recent work supports this supposition by showing that excess erbB-2 forces constitutive 
heterodimerization with EGFR and constitutively activates transcription of the signal transducer and activator of transcription (STAT). 49 Thus these workers propose 
that although overexpression of erbB-2 alone is insufficient to convey the tumorigenic phenotype, it is necessary for tumorigenicity to arise through the TGF-a signal 
transduction pathway.

Gerwin and associates also report that TGF-a antisense reduces the steady-state levels of erbB-3 and erbB-4. Thus a possible role of excess constitutive 
erbB-2/erbB-3 and erbB-2/erbB-4 dimers cannot be ruled out as also having a role in producing tumorigenicity. In keeping with this latter suggestion is the recent 
report by al Moustafa and colleagues. 43 These investigators showed that erbB-2, erbB-3 and erbB-4 are all constitutively activated in lung cancer cell lines. Lastly, 
Funayama and co-workers45 reported that overexpression of erbB-3 is frequently seen in squamous cell carcinomas, and its level of expression in metastatic nodules 
was higher than in the primary tumor.

By immunohistochemistry, Sozzi and colleagues50 detected overexpression of erbB-2 in three of 13 normal bronchial specimens from patients with a second primary 
lung tumor, suggesting that receptor overexpression is an early genetic change in the evolution of a NSCLC. However, four large studies 51,52,53 and 54 comprised of 
approximately 400 NSCLC specimens used different antibodies from those used by Sozzi and colleagues, and failed to detect erbB-2 overexpression in nontumor 
lung epithelial cells. Reconciliation of these disparate results, as well as the prognostic interpretations described below, can be attributed to fact that these 
investigators used different antibodies and antigen retrieval techniques. Furthermore, not all studies deemed the specimens positive by scoring only the cells that 
specifically exhibited membrane staining. Another possible reason is illustrated by Tesfaigzi and colleagues. 55 These investigators studied rats exposed to a single 
intratracheal dose of the noncarcinogen endotoxin. Using immunohistochemical staining and Western blotting, they characterized a wave of hyperplasia followed by 
epithelium remodeling in the lungs of these animals. Interestingly, the hyperplastic cells exhibited a transient and marked expression of both EGFR and erbB-2. 
Therefore, the results of Sozzi and co-workers 50 may reflect a background of subclinical infections or smoking-associated epithelium wound repair.

Prognostic Associations of erbB-2

Kern and colleagues52 were the first to report a statistical association of shorter survival time for adenocarcinoma and erbB-2 overexpression. Subsequently, data from 
119 adenocarcinomas and 84 squamous cell tumors showed that detectable erbB-2 expression was statistically associated with shorter five-year survival, larger tumor 
size, and higher stage.53 In addition, a study of 120 NSCLC tumors found that the frequency of overexpression was statistically higher in adenocarcinomas than in 
squamous cancers (81% versus 44%). However, expression was more frequent in clinical stages II and III than in stage I, regardless of histology. erbB-2 expression 
was also positively correlated with lymph node metastasis in a cohort of 50 squamous lung carcinomas but not in a group of 32 lung adenocarcinomas. 54 Together 
these earlier studies supported a prognostic significance for erbB-2 expression in NSCLC.

Subsequent studies have supported and refuted the correlation between erbB-2 overexpression and shortened survival. Yu and colleagues 56 found significant 
relationships between erbB-2 overexpression, a higher incidence of earlier recurrence, and an overall survival for 69 patients diagnosed with adenocarcinoma, but not 
for 47 with squamous tumors. A study by Hsieh and co-workers57 of 42 stage I adenocarcinoma patients also showed that patients with erbB-2 overexpression had a 
significantly higher incidence of early tumor recurrence and a lower overall survival expectation. Nemunaitis and colleagues 11 arrived at the same conclusion from 
studying 103 adenocarcinoma and large cell cancer patients. Most recently, D'Amico and colleagues 58 studied 408 stage I NSCLC patients and found that erbB-2 
overexpression equated with a “hazard ratio” of 1.43. Sloman and co-workers 59 and Guddo and co-workers60 also reported that shorter survival correlated with erbB-2 
expression. Lastly, Diez and colleagues61 have suggested that the risk of recurrence is directly related to the amount of erbB-2 activity, and that for every increase of 
100 units there is a 30% increase in risk. Interestingly, Yu and colleagues 62 have reported that high erbB-3 expression is also associated with shortened survival, but 
the significance is associated only with advanced disease.

In contrast to the above reports, other studies, such as Pastorino and co-workers 63 failed to find any prognostic relationship between erbB-2 overexpression and 
disease outcome. However, because of highly stringent scoring criteria, only 4% of their tumors were scored as positive; thus their small numbers precluded reliable 
inferences. On the other hand, Giatromanolaki and co-workers 64 examined erbB-2 as a prognostic marker for 176 early-stage NSCLC patients and failed to find any 
significant relationship between survival of either adenocarcinomas or squamous carcinomas and survival. Likewise, Greatens and colleagues 65 studied 101 
consecutive patients with primarily stage I or II NSCLC and failed to find any significant prognostic survival value for erbB-2 overexpression. Interestingly, both 
Giatromanolaki and colleagues and Greatens and colleagues suggest that differences between their results and those studies that revealed a correlation could be 
due to chance, population differences, or interobserver variability. Finally, Fontanini and co-workers 66 reported a study of 195 patients; no significant correlation was 
found for either erbB-2 or erbB-3.

ERBB-2 as a Target for Antitumor Therapy



Although an association between overexpression of erbB-2 and adverse prognosis has not been firmly established, unlike RAS, erbB-2 overexpression has been 
associated with enhancement of the metastatic properties and chemoresistance of lung cancer cells. The metastatic relationship was uncovered through transfection 
of the pSV2erbB-2 plasmid DNA into low-expressing lung NSCLC cells.62 Three independent clones were isolated that exhibited varying degrees of erbB-2 
expression. The untransfected, antisense transfected, and low-expressing cells exhibited minimal motility and ability to invade Matrigel, and produced few sites of 
pulmonary and extrapulmonary metastasis when injected into nude mice. In marked contrast, the two high-expressing clones were highly mobile and invasive, and 
produced multiple sites of metastasis.22,67 With respect to chemoresistance, Tsai and colleagues 22 have shown that introduction of an erbB-2 construct into lung 
cancer cells made them more resistant to doxorubicin, cisplatin, mitomycin, and etoposide. Interestingly, Tsai and associates 67,68 have also reported lung cell lines 
that are intrinsically high expressers of erbB-2 lung cells lines are more chemoresistant. Importantly, chemoresistance was attenuated if the chemotherapeutic agent 
was combined with tyrosine kinase inhibitors that preferentially inhibited erbB-2 kinase.68,69

The above studies all support the assertion that overexpression of erbB-2 is involved in lung carcinogenesis and, therefore, it is a potential target for 
mechanism-directed chemoprevention modalities. Support for this hypothesis came when lung tumor cells constitutively expressing erbB-2 antisense RNA exhibited a 
reduced level of anchorage-independent growth, and fewer sites inoculated subcutaneously with the cells developed tumors. 70 Further, studies with anti-erbB-2 
antibodies have shown that cell growth is inhibited if the antibodies are incorporated into the culture medium. 71 In addition, mice with orthotopically implanted lung 
tumor cells developed smaller tumors if they received five weeks of injections of recombinant anti- erbB-2 antibodies coupled with Pseudomonas endotoxin.72 As a 
consequence of these encouraging results, a phase I trials for Herceptin anti- erbB-2 antibodies is in progress. 73,74 and 75

Finally, serum levels of erbB-2 protein have been shown to correlate with extensive clinical cancer, and to be reduced after surgery. 76 Also, Brandt-Rauf and 
co-workers77 showed that significant increases in the level of receptor protein in serum could be detected up to 60 months before clinical diagnosis, supporting the 
conclusion of Sozzi and colleagues50 that the extracellular portion of the protein may be a useful biomarker of early disease.
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The MYC, JUN, and FOS families of protooncogenes all share sequence homology with retroviruses, code for nuclear binding proteins with short half-lives, and share 
common structures. These proteins all contain a basic region of amino acids followed by a leucine zipper which allows the protein to dimerize with other proteins and 
bind to DNA. The protein products of these gene families localize to the nucleus and regulate gene transcription. The functions and characteristics of the MYC and 
JUN and families genes have been recently reviewed.1,2,3,4,5,6,7,8,9 and 10 Structural DNA, mRNA expression and protein studies have implicated them in the pathogenesis 
and progression of lung cancer. The following chapter provides information about the normal structure and function of each of these protooncogenes and focuses on 
the evidence for the MYC, JUN, and FOS families' playing a role in the development and maintenance of lung cancer. The readers are referred to other reviews for 
more detailed information about the function of JUN in other animal and human tumor systems.1,2 and 3,5,6,7,8 and 9

MYC FAMILY PROTOONCOGENES

MYC Family Gene Structure

The MYC family genes studied in lung cancer include MYC, NMYC, and LMYC. The studies of the human MYC gene were prompted by the studies of the RNA tumor 
virus v-myc. The v-myc gene was first identified in an avian RNA tumor virus, MC29, which caused leukemias, carcinomas, and sarcomas in chickens. 11 This virus 
carried incomplete retroviral gene sequences along with the transforming gene, v- myc. v-myc shared a greater than 99% nucleotide sequence and amino acid 
homology with the normal second and third exon of the chicken MYC gene. This suggested that the retrovirus MC29 had picked up sequences of the chicken MYC 
gene by inaccurate recombination of retroviral gene sequences. 11 The human MYC gene was able to be cloned from normal DNA because of the close sequence 
homology between the previously cloned murine MYC gene and the human MYC gene.12

The human MYC gene is a 3 exon gene spanning approximately 5 kbases located on chromosome 8q24 Figure 5.1. mRNA transcription originates from at least two 
different promoters separated by 150 nucleotides in the first exon and gives rise to mRNA of 2.2 and 2.4 kbases. 12,13,14 and 15 MYC protein translation starts in exons 1 
or 2 to give rise to phosphoproteins of 439 and 453 amino acids with an apparent molecular weight of 64,000 and 67,000 D and a half-life of approximately 30 
minutes.12,16,17

FIGURE 5.1. Gene structure of the MYC family genes: This diagramatically depicts the structure of the MYC family genes (MYC, NMYC, and LMYC). The boxes 
represent the exons and the lines between represent the introns. The black portions of the boxes represent exon domains that correspond to the protein-coding 
signals.

The NMYC gene was initially identified in neuroblastomas and neuroblastoma cell lines because of DNA amplification of sequences homologous to the MC38 avian 
retrovirus v-myc but different from the human MYC gene.18 A fragment of the NMYC gene was also subsequently cloned from DNA fragments isolated from a 
homogeneously staining region (HSR) in a neuroblastoma cell line. 19 Hybridization of this radiolabeled fragment to DNA isolated from neuroblastoma cell lines 
showed intense signals representative of DNA amplification.

The human NMYC gene is a 3 exon gene spanning approximately 6.5 kbases located on chromosome 2p25. 1,20,21,22 and 23 mRNA transcription gives rise to a 
predominant mRNA of 3.1 kbases.19,24,25 The NMYC protein is translated from exons 2 and 3 to give rise to phosphoproteins of 453 and 456 amino acids with 
apparent molecular weights of 65,000 and 67,000 D and half-lives of 30 minutes. 1,26,27,28 and 29

The human LMYC gene was initially identified in small cell lung cancer cell lines and tumors because of DNA amplification of sequences homologous to but different 
from the human MYC and NMYC gene.18 The human LMYC gene is a 3 exon gene spanning approximately 6.5 kbases located on chromosome 1p32. 30,31 
Transcription of the LMYC gene gives rise to 3.6 and 3.9 kbase mRNAs but alternative processing in small cell lung cancer cells can give rise to smaller forms of the 
LMYC mRNA which will be described later.1,29,30 The LMYC protein is normally translated from exons 2 and 3 and produces a phosphoprotein of 364 amino acids with 
an apparent molecular weight of 60,000 to 66,000 D and a half-life of 45 to 120 minutes. 30,32,33



The MYC family genes share a similar structure and a close sequence homology, and have similar functions in biological assays. MYC, NMYC, and LMYC all have 3 
exons with 2 introns. The predominant areas of sequence homology are contained within exons 2 and 3. The first exons of the MYC family genes are not closely 
related and do not typically code for protein. Translation initiation typically takes place within the second exon in all three genes and the major protein coding regions 
lie within exons 2 and 3 (Figure 5.1).

There are five areas of close sequence homology in the second and third exons of MYC, NMYC, and LMYC Figure 5.2. The area of sequence homology in the 
carboxy-terminal is contained in the 85 amino acids of the MYC family proteins. This region contains a basic region, helix-loop-helix structure, the leucine zipper. 34 
The basic region contains a high proportion of basic amino acids and binds to the DNA; the helix-loop-helix has two amphipathic helices of 12 and 13 amino acids 
separated by a loop structure, a leucine zipper characterized by a leucine or hydrophobic amino acid every 7 amino acids for four repeats in the carboxy-terminal 
amino acids.35 This helix-loop-helix and leucine zipper structure allows proteins to form homo- or heterodimers which allow the basic portion of the molecule to contact 
the DNA and regulate gene transcription. The amino-terminus contains the transactivation domain and the highly conserved MYC-box (Mb I and Mb II) domains.6 The 
Mb I domain is located at amino acids 45 to 63, while the Mb II domain is at amino acids 129 to 141 of the human MYC protein.6 The Mb domains are evolutionarily 
conserved, show a greater than 90% homology between the MYC family members, and are sites of protein interactions, diagramatically depicted in Figure 5.2.4,36 In 
addition, the Mb II domain is essential for MYG-mediated cell transformation in a rat embryo fibroblast assay. 37 Thus the MYC family of genes has the ability to 
participate in diverse functions, including protein-protein interactions, binding of DNA sequences, and modulation of gene transcription.

FIGURE 5.2. Functional domains of the MYC protein and the location of protein-binding sites: This diagramatically represents the functional domains of the MYC 
protein. The portions of the MYC protein encoded by exon 2 and 3 are represent by the brackets above the bar. The letters below the bar represent abbreviations for 
the functional domains of the MYC protein. The initial diagonal region represents the transactivation domain (Trans Act), the black dots represent the acidic domain 
(Acidic), the next diagonal lines represent the nonspecific DNA-binding domain (Nonsp DNA), the white dots represent the nuclear localization domain (NL), the 
crosshatched lines represent the basic region (BR), the dark dots represent the helix-loop-helix domain (H-L-H), and the dark diagonal lines represent the leucine 
zipper (LZ). The black boxed areas represent the MYC-binding domains (Mb I and Mb II). The dark lines below the bar represent the areas of close sequence 
homology between the other two MYC family proteins. The dark lines below represent the regions where MYC interacts with various proteins, and the specific proteins 
are listed on the right-hand column: TBP (TATA-binding protein), BIN-1 (box-dependent MYC-interacting protein-1), and TRAP (transformation associated protein).

Molecular Mechanisms of MYC Action

The MYC family of genes contains two highly conserved dimerization motifs: the helix-loop-helix domain, and the leucine zipper domain. MYC proteins do not 
homodimerize, and it was subsequently discovered that MYC forms heterodimers with another BR-HLH-Zip protein known as MAX (see Figure 5.2). All of the biologic 
activities of MYC occur as a heterodimer with MAX. MYC, NMYC, and LMYC all heterodimerize with MAX.6 These heterodimers bind DNA at sequence-specific sites 
known as the E-box with the consensus sequence of CAC(G/A)TG, and activate transcription. The E-box elements are found in MYC target genes and are located in 
promoter regions, the first or second introns, and even in protein coding sequences. 4 In addition to heterodimerizing with MYC, MAX can homodimerize or bind to a 
multitude of other BR-HLH-Zip proteins, including MAD, MAD 3, MAD 4, MXI, and MNT. 3 These complexes can compete with MYC-MAX heterodimers at the E-box 
sites and act as transcriptional repressors. This provides a complex network of regulation and allows for transcriptional activation or repression depending on the 
intracellular stoichiometry of the MYC binding partners.

The MYC family of proteins also binds with various other proteins through highly conserved motifs ( Figure 5.2). In addition to MAX, MYC can form complexes through 
the BR-HLH-Zip domain with the transcription factors YY-1, AP-2, and MIZ-1. In general, the binding of MYC to these proteins leads to repression of transcription 
either by inhibiting the native transcriptional activation of the binding partners (YY-1 and MIZ-1) or by interfering with MYC-MAX transcriptional activation (AP-2). 4 The 
amino-terminus of MYC can combine with proteins including TRAP (transformation associated protein), the p107 tumor supressor, BIN-1, TBP (TATA-binding protein), 
and a-tubulin (see Figure 5.2). These interactions can regulate MYC function by different mechanisms and can occur in the presence of MAX. TRAP binding to the Mb 
II region appears to be required for MYC-mediated transformation.43 The Rb family member p107 interacts with MYC at Mb I, and its binding inhibits the 
transactivation activity of MYC.4 BIN 1 association with MYC occurs via the Mb I and Mb II domains. BIN 1 inhibits MYC-mediated transformation of primary rat embryo 
fibroblats.38 BIN 1 expression is frequently reduced or absent in various tumor cell lines (including half of lung cancer cell lines examined) and in some primary 
tumors.38 Thus BIN 1 potentially functions as a tumor suppressor gene. These various protein interactions underscore the diverse functions of MYC and specifically 
its role as a transcriptional activator and repressor.

The Biology of the MYC Family of Genes

The MYC proteins are important regulators of cell proliferation. The regulation of MYC expression is crucial for normal cellular proliferation. Deregulated expression 
characterized by constitutive, inappropriate, or nonphysiologic expression is seen in a variety of tumor cells and primary tumors. 4,6 The majority of this type of 
expression occurs via gene amplification, increased mRNA expression, or chromosomal translocations. The MYC genes also play key roles in differentiation and 
apoptosis.6,39 The expression of MYC is tightly regulated in normal tissues and is controlled at multiple levels by signal transduction pathways. 36 Several potential 
targets of MYC activation and repression have been identified. These include genes coding for enzymes regulating the production of essential molecules for DNA 
synthesis, proteins involved in RNA structure and metabolism, proteins involved in cell cycle control, and those with no known function. 4 MYC protein mediation of 
these downstream events by either direct or indirect mechanisms is presently under investigation. 40 Thus, the MYC family of genes is involved in many diverse 
biologic functions. The various roles of MYC and their relationship to the pathogenesis of human lung cancer have not yet been thoroughly investigated.

MYC Family mRNA Expression Studies in Developing and Adult Mouse and Human Tissues

The pattern of MYC family mRNA expression has been studied by Northern blot analyses and in situ hybridization in normal tissues of mice during fetal development 
through adulthood, in human embryos, and in nonneoplastic lung tissue. 41,42,43 and 44 myc, N-myc, and L-myc are expressed in murine tissues during development. By 
in situ hybridization, N-myc is expressed in both the embryonic ectoderm and extraembryonic ectoderm. As development proceeds, N-myc expression becomes more 
restricted and is abundantly expressed in the developing nervous system. 45 This includes expression in both the developing central nervous system and in the cranial 
and spinal ganglia of the developing peripheral nervous system. 45 N-myc is also expressed in the developing gut, kidney, and lung. Its expression is located in the 
luminal areas of the developing lung; these will later go on to form bronchioles. N- myc expression is low or undetectable in most adult tissues. 41 Thus N-myc may play 
a role in early differentiation as its level of expression decreases with development. Also expressed in early development during active cellular proliferation is myc. 
The levels of myc expression in general are much lower than of N-myc. It is expressed in the majority of tissues but during early development is predominately found 
in the extraembryonic tissues. myc expression is also found in the mesenchymal cells of the developing gut and lung, and in the developing liver. myc continues to be 
expressed in adult mice in various tissues including the lung. 33,37,38 The expression of L-myc in development is more limited than that of myc or N-myc. In early 
developing embryos, L-myc is expressed at high levels in the neuroectoderm of the brain and neural tube. 46 By day 12 of mouse development, L-myc is expressed at 
the highest levels in the CNS, nasal epithelium, metanephric kidney, and the developing lung. Newborn mice express high levels of L- myc in the brain, kidney, and 
lung.46 Thus L-myc may also play a role in differentiation. From these studies, it also appears that L- myc is expressed in cells that express either c- myc or N-myc, 



whereas this observation does not hold for the other myc gene family members.

In situ hybridization studies of human embryos studied three to ten weeks after conception showed abundant MYC mRNA expression in more than 20% of the cells of 
the lung.47 NMYC and LMYC mRNA expression was not studied. The human adult nonneoplastic lung has also been studied in patients whose lung cancer has been 
resected. In situ hybridization showed detectable MYC mRNA expression in all samples of nonneoplastic cells studied. 48 The expression was most detectable in the 
basal cell layer of the bronchial epithelium, type II alveolar cells, and endothelial cells. NMYC and LMYC mRNA expression was not detected in the adult 
nonneoplastic tissues.

The studies of mRNA expression from the MYC family genes in the lungs of mice and humans show that MYC is expressed during fetal development and in the adult 
lung. The various family members may be important for different functions in developing and adult lung tissues.

Functional Studies of MYC Family Genes

The role of the MYC gene family in multistage carcinogenesis initially proposed by Land and colleagues was defined in a rat embryo fibroblast system. 49 Transfection 
of an activated HRAS1 gene into the rat embryo fibroblasts allowed the formation of cells with an altered cellular morphology or foci which formed colonies in soft 
agarose but did not form tumors in athymic nude mice. Established cancer cell lines will typically grow and form tumors in athymic nude mice. The cells transfected 
with the activated H-RAS1 and a MYC gene provided an establishment function in the rat embryo fibroblasts which allowed the cells to continue growing and form 
tumors in athymic nude mice.31,50,51 and 52 NMYC and LMYC complement the RAS family in this assay as well. However, the transforming activity of LMYC is only 1% to 
10% of that of MYC.52,53 This appears to be due to amino acid differences in the transactivation domains of these two proteins. 54 The transforming ability of NMYC is 
also less than that of MYC but stronger than LMYC.53 Further proof of the role of MYC in carcinogenesis has been obtained from studies performed in mice. 
Transgenic mice have been used to study the role of MYC in tumorigenesis and its effects on proliferation and differentiation. 55 Using tissue-specific promoters, high 
levels of MYC expression have been obtained in tissues such as the mammary gland, the lymphoid system, the liver, the pancreas, the heart, and the lens. 
Tumorigenesis was observed in the mammary gland, lymphoid system, liver, and pancreas, while hyperplasia was seen in the heart. The neoplastic phenotypes and 
the effects on differentiation and proliferation vary depending on the MYC family member used. For example, mice overexpressing L-MYC in the lens (using a A 
crystal promoter) show abnormalities in differentiation, while mice with MYC overexpression have abnormal lens cell proliferation. 56 The onset of tumor formation is 
accelerated in double transgenic mice containing cytoplasmic oncogenes, including HRAS and PIM1.31,55 These studies confirm the oncogenic role of MYC family 
genes and have allowed further study into the role of the MYC family members in differentiation and proliferation. These studies have not specifically addressed MYC 
overexpression in the lung.

The role of the MYC family members in normal development has been studied using mice lacking the normal MYC family members. Mice deficient in all of the MYC 
family members have been generated using homologous recombination techniques. Mice homozygously deficient in myc die early in development, usually by day 
10.5.57 The homozygous mice show a generalized delay in development, with pathologic abnormalities including cardiac enlargement, pericardial effusion, and neural 
tube defects.57 N-myc homozygously deficient mice die between day 10.5 and 12.5 of development.45,58 The homozygous mice exhibit multiple developmental 
abnormalities, mostly in tissues where N-myc is normally expressed. The developing lungs from these mice demonstrate nonbranching of the trachea and bronchi with 
a hypoplastic epithelium. Similar findings of organ hypoplasia are seen in the developing of gut and genitourinary system, suggesting a role for N- myc in regulating 
cellular proliferation. In marked contrast, mice deficient in L- myc develop normally into adulthood and have no detectable phenotypic consequences. 46 It is possible 
that one of the other family members compensates for the lack of L-myc. As mentioned above, L-myc is often coexpressed with either N-myc or c-myc, whereas this is 
not the case for the other two family members.

These studies demonstrate that genes of the MYC family share some similar functions but that they also have unique roles in normal development.

MYC Family DNA Structural Abnormalities in Lung Cancer

DNA Amplification

A rodent cell line selected in vitro for resistance to methotrexate developed gene amplification of dihydrofolate reductase, the target enzyme for methotrexate. 59,60 This 
increased the amount of dihydrofolate reductase enzymatic activity and allowed the cells to escape the growth inhibition caused by methotrexate. The amplified gene 
encoding dihydrofolate reductase localized to homogeneously staining regions and double minute chromosomes. This association of gene amplification with double 
minute chromosomes and homogenous staining region led to the discovery of oncogene amplification in human cancers. The initial discovery of MYC DNA 
amplification in human cancer was initially identified in a leukemia cell line which had double minute chromosomes, HL-60, and a colon cancer cell line (COLO 320) 
which had both homogeneously staining regions and double minute chromosomes. 61,62 A radiolabeled fragment of the chicken MYC gene DNA hybridized intensely to 
the DNA from the HL-60 cell line and a radiolabeled fragment of v- myc hybridized to the DNA from COLO 320, representing DNA amplification. In situ hybridization 
studies of metaphase spreads from COLO 320 showed a radiolabeled MYC fragment hybridized to the homogeneously staining region on the X chromosome. 
Therefore MYC DNA amplification and high levels of expression were present in these human cancer cell lines and localized to a marker associated with gene 
amplification, a homogeneously staining region in a different location (the X chromosome) from the normal locus on chromosome 8q24.

Double minute chromosomes and homogeneously staining regions had been identified by karyotypic analyses of small cell lung cancer (SCLC) cell lines. 63,64 The 
screening of these cell lines with DNA fragments from oncogenes and protooncogenes identified DNA amplification of the MYC gene in a subset of SCLC cell 
lines.65,66 Amplification of all three members of the MYC family has been identified in lung cancer cell lines. 24,65,67 These cell lines with amplified MYC family DNA 
contain 4 to 135 copies of the MYC family genes.68,69,70 and 71 The size of the DNA segment amplified in the SCLC cell line NCI-N417 has been estimated at 120 and 
130 bases of DNA and NCI-H82 at 300 bases.71,72 The amplified MYC DNA in this SCLC cell line, NCI-N417, has been localized to a homogeneously staining region 
on chromosome 1.71 Therefore, in both COLO 320 and NCI-N417 the amplified MYC gene is localized to chromosomal loci different from its location in normal cells.

DNA Rearrangement

Additional signals have been detected in lung cancer cell lines that have MYC family DNA amplification which represent rearrangements of the DNA.24,67 
Rearrangements of the LMYC gene in SCLC with LMYC DNA amplification have been extensively investigated. The initial studies involved immunoprecipitation of the 
LMYC protein in two SCLC cell lines which showed proteins of 72 to 77 kD, 10 kD larger than expected for LMYC proteins from other lung cancer cell lines. 58 
Subsequent investigations of the DNA and mRNA from SCLC cell lines with LMYC DNA amplification identified a gene RLF, which stands for Rearranged L- myc 
Fusion.73,74 The RLF gene is approximately 500 bases 5' from the LMYC gene on chromosome 1p32 (Figure 5.3). The RLF/L-MYC locus undergoes an 
intrachromosomal rearrangement and RLF is brought into proximity to the L- MYC gene in some SCLCs with L-MYC DNA amplification.73 The mechanism involved in 
the generation of this fusion transcript is complex and can occur at different breakpoints sites 5' of LMYC.73 These breakpoints appear to cluster in regions containing 
highly repetitive DNA sequences.75

FIGURE 5.3. Chromosomal rearrangement of RLF and L-MYC: The bracket at the top represents distance covered by 100 kbases of DNA on the uppermost diagram, 
representing the normal configuration of the RLF gene and the LMYC gene. The black boxes represent the hypothetical exons of the RLF gene, but the exon-intron 
structure beyond the first exon and intron have not yet been reported. The open boxes represent the three exons of the L- MYC gene. The PPIE is located in between 



RLF and L-MYC: its exact position is not known. (From Kim JO, Nau MM, Allikian KA, et al. Co-amplification of a novel cyclophilin-like gene [PPIE] with L- myc in small 
cell lung cancer cell lines. Oncogene 1998;17:1019, with permission). The diagonal lines connecting the exons represent the mRNA splicing which brings the exons 
together. Kb represents kilobases, and aa represents amino acids. (From Vastrik I, Makela TP, Keskinen PJ, et al. myc, max, and a novel rlf-L-myc fusion protein in 
small-cell lung cancer. In: Harris CC, ed. Multistage Carcinogenesis. Boca Raton: CRC Press, 1992:307, with permission.)

The mRNA studies show that the first exon of the RLF gene is spliced to the second or third exon of the LMYC gene, giving rise to novel mRNAs of 3.7 and 3.2 bases 
(Figure 5.3).58,60 The 3.7 base mRNA gives rise to a protein with 466 amino acids—79 from RLF exon 1, 3 from previously untranslated sequences in exon 2, and 364 
amino acids from the LMYC coding sequences. These rearrangements give rise to the fusion proteins which have only been observed in SCLC cell lines and tumors 
and which have DNA amplification of LMYC. These rearrangements have not been observed in 99 cell lung cancer (NSCLC) tumors studied. 74 The fusion protein 
formed by RLF and LMYC appears to take place in a subset of SCLC cell lines with LMYC DNA amplification and therefore is present in less than 10% of the SCLC 
cell lines studied.

The normal RLF gene encodes for a 1914 amino acid protein containing six zinc finger motifs and a leucine zipper. 76 Thus its function appears to be that of a 
transcription factor, and the spacing of the zinc fingers suggests that it is related to the transcription factor Zn-15. Zn-15 is a transcription factor involved in the 
transcriptional activation of the growth hormone gene. However, there are large regions without homology between these two proteins. RLF expression has been 
analyzed by Northern and RNAse protection analyses. It is widely expressed in human fetal and adult tissues, including the fetal lung but not in the adult lung. 76 The 
RLF-LMYC fusion product contains only the first 79 amino acids of the normal RLF gene, and this does not include the zinc finger motifs. In a transformation assay of 
primary rat embryo fibroblasts, the RLF-L-MYC fusion protein had a similar transforming capacity as the normal L- MYC gene.76 Attempts to create transgenic mice 
using this fusion gene (under the normal RLF promoter) failed to create mice expressing the chimeric transcript. 77 When this construct was introduced into embryonic 
stem (ES) cells, the cells failed to develop into proper embryoid bodies. Taken together, these experiments suggest that the deregulation of the normal L- MYC 
expression brought about by the RLF promoter is critical to the phenotypic findings and not a novel function associated with the RFL/ LMYC fusion product. The 
significance of this for SCLC is unknown. The phenotype of SCLC cells lines with LMYC amplification compared with those additionally containing the RLF- LMYC 
fusion appears to be similar with respect to doubling times, cloning efficiency in soft agar, and in vitro and in vivo morphology.69,78

A second rearrangement product from the same locus has also been identified. This involves a novel cyclophilin-like gene named PPIE (pedtidyl-prolyl cis-trans 
isomerase E) and shows 83% amino acid identity with the central conserved region of cyclophilin A. 78 In a subset of SCLC cell lines that have LMYC amplification, 
64% (7 of 11 cell lines) showed amplification of PPIE, whereas RLF amplification was seen in 36% (4 of 11) of the cell lines. Consistent with the higher rate of PPIE 
amplification, it appears that the PPIE gene lies in between RLF and LMYC on chromosome 1. One of amplified cell lines, NCI-H378, shows a PPIE fusion product 
with exon 2 of LMYC in the antisense orientation. 78 The function of this chimeric transcript (if any) is not know and to date has not been identified in primary lung 
cancers.

Other rearrangements of the MYC family genes have been in SCLC cell lines 24,65,67,79,80,81 and 82 and tumors24,83,84 and 85 as well as NSCLC tumors.84,85,86 and 87 The 
rearrangements can appear or disappear after the cells are placed in culture. 82,83 Several of the cell lines with rearrangements of the MYC family genes give rise to a 
different-sized mRNA.24,65 Most rearrangements of the MYC gene family take place with gene amplification and are present in both the lung cancer cell line and the 
lung cancer from which it arises, although there are examples where the rearrangement takes place in cell culture or in xenografts. These rearrangements can bring a 
novel segment of DNA near the MYC family locus, but relatively few of these rearrangements have been well characterized.

MYC DNA Amplification and Phenotype of Small Cell Lung Cancer Cell Lines

Some experimental evidence shows that increased amounts of MYC gene product are associated with increased growth in multiple tumor systems. 1,29 There is less 
evidence that increased amounts of NMYC and LMYC gene product are associated with growth.1,29

The definition of classic and variant subclasses of SCLC cell lines was proposed in 1985 using biochemical, morphologic, and growth properties. 69,88 The majority of 
cell lines (classic subclass) grew as tightly packed floating aggregates in cell culture media (NCI-H209 Figure 5.4) and formed intermediate histology when injected 
into athymic nude mice.89 They grew with long doubling times and low colony-forming efficiencies in soft agarose. The classic SCLC cell lines had markers of 
neuroendocrine differentiation. The cell lines had enzymatic L-dopa decarboxylase activity (an enzyme in the pathway to form dopaminergic amines), bombesinlike 
immunoreactivity, neuron-specific enolase, and the brain isoenzyme of creatine kinase.

FIGURE 5.4. Cellular morphology of small cell lung cancer cell lines and a transfected clone: Small cell lung cancer cell lines NCI-H209 and NCI-H209 transfected 
with six copies of the normal MYC gene, and NCI-N417 growing in log phase. The cells have been photographed using a phase contrast Nikon photomicroscope (100 
× magnification). (From Johnson BE, Battey JF, Linnoila I, et al. Changes in the phenotype of human small cell lung cancer cell lines after transfection and expression 
of the c-myc. J Clin Invest 1986;78:525 by copyright permission of the Society of Clinical Investigation.)

In contrast, the variant cell lines grew as loosely attached floating aggregates ( Figure 5.4; NCI-N417) and formed small cell/large cell morphology when injected into 
athymic nude mice.89 The variant cell lines had shorter doubling times and higher cloning efficiencies in soft agarose than classic cell lines. The variant SCLC cell 
lines retained the brain isozyme of creatine kinase but had lower concentrations of neuron-specific enolase and L-dopa decarboxylase.

The original description of MYC family DNA amplification in lung cancer cell lines showed the five SCLC cell lines with greater than 20-fold MYC DNA amplification 
were all in the variant subclass of SCLC cell lines. 65 Subsequent studies showed that amplification of the MYC gene was associated with the shorter doubling times 
and higher cloning efficiencies in soft agarose. 69 The variant cell lines NCI-N417 and NCI-H82 were also found to be relatively resistant to low doses of radiation, 
NCI-H146 had intermediate sensitivity, and NCI-H249, NCI-H187, NCI-H209, and NCI-H69 were all sensitive to low doses of radiation. 90 NCI-N417 and NCI-H82 had 
greater than 20-fold MYC family DNA amplification, NCI-H146 did not have DNA amplification but did have abundant expression of the MYC gene, and NCI-H249, 
NCI-H187, and NCI-H209 did not have detectable MYC expression.

Other authors have commented on the association with the variant phenotype and MYC family amplification and expression. H22, H24, H86, GLC16, GLC 19, and 
SCLC-SK2 have high degrees of MYC DNA amplification but do not have a variant phenotype. 70,81,91 Although it appears that there is a link between MYC DNA 
amplification and the variant phenotype, numerous convincing examples of classic phenotype with MYC DNA amplification have been published. 70,81,91 In addition, 
cell lines with variant characteristics have been reported with NMYC24 DNA amplification and LMYC DNA amplification.81 We await additional information about 
additional potential etiologies for the variant phenotype in other cell lines.

Further support for the MYC gene playing a role in the increased growth of SCLC cells came from transfection studies. The normal human MYC gene with its own 



promoter, 5 kbases of upstream regulatory sequences, and a selectable marker were transfected into a tumor cell line (NCI-H209) which did not express detectable 
MYC mRNA.15 One to six copies of the gene were introduced into a clone of NCI-H209 and different amounts of the mature form of MYC mRNA were expressed in the 
transfected clones (Figure 5.4). The amounts of MYC mRNA expressed in clones A to C and E were similar to the amount expressed in NCI-H146, the cell line which 
did not have MYC DNA amplification but did express abundant MYC mRNA. There was no detectable MYC mRNA in clone D because the third exon of the MYC gene 
was deleted. The amount of MYC mRNA in all the clones was less than the amount expressed by the cell line with MYC DNA amplification, NCI-N417.

The clone with the most abundant expression of MYC mRNA (clone E) used the first promoter (P1) in preference to P2, similar to Burkitt lymphoma cell lines which 
have a MYC gene translocated into the immunoglobin locus. 12 Therefore, in both these system where the MYC gene is placed into an altered location in the genome 
by transfection or translocation in Burkitt's lymphoma, the promoter utilization is changed.

The morphology of the original clone, NCI-H209, formed the typical tightly packed floating aggregates typical of a classic subclass cell line while NCI-N417 formed 
loosely attached floating aggregates typical of a variant cell line ( Figure 5.4). The MYC-transfected clone E of NCI-H209 changed to loosely attached floating 
aggregates and formed small cell/large cell morphology when injected into athymic nude mice. The NCI-H209 clone E cells had a shorter doubling time and greater 
cloning efficiency but no difference in L-dopa decarboxylase enzymatic activity and bombesinlike immunoreactivity than the original clone. Therefore MYC 
transfection with increased gene expression is associated with a change in morphology and increased growth characteristics but not detectable change in biochemical 
characteristics. We were unable to examine these transfected clones for changes in the sensitivity to radiation because of the low cloning efficiency in soft agarose of 
the original clone, NCI-H209.

Retinoic acid studies have also provided evidence for the MYC gene playing a role in the increased growth of rate of SCLC cells. 92,94 The variant cell lines NCI-H82 
and NCI-H417 have MYC DNA amplification and high levels of MYC mRNA expression. The addition of retinoic acid dramatically reduces MYC mRNA expression, 
which is associated with development of typical features of classic SCLC cells. In addition, NCI-H82 and NCI-H417 have a reduction in the growth rate of the cells and 
cloning efficiency in soft agarose and development of a classic morphology in cell culture after addition of retinoic acid. 92,94 However, retinoic acid treatment of these 
cell lines did not result in an increase in L-dopa decarboxylase activity, a feature of classic SCLC lines. 92 L-MYC expression increased dramatically in NCI-H82 cells 
treated with retinoic acid. 94 The mechanism by which retinoic acid induces LMYC expression is by an increase in LMYC transcriptional initiation. 95 This can be 
observed at a retinoic acid concentration of 1 µm; a concentration that is easily achievable in the plasma of patients undergoing treatment with retinoic acid. The 
mechanism by which the addition of retinoic acid leads to an increase in LMYC transcriptional initiation is presently undefined. The mechanism of MYC 
down-regulation appears to involve an increase in transcript attenuation at the exon 1 intron 1 boundary. 95 Transcript attenuation is a transcriptional regulatory 
mechanism reducing the elongation of mRNA molecules at the exon 1/intron 1 boundary of the MYC gene.96 Thus these experiments demonstrate that the addition of 
retinoic acid to NCI-H82 SCLC cell lines leads them to assume a classic SCLC cell morphology and decreases their growth rate and cloning efficiency, which are 
accompanied by an increase in LMYC and a decrease in MYC gene expression.

The findings from these cell culture studies have been applied to a clinical study. A phase II clinical trial incorporated retinoic acid (all- trans-retinoic acid) with cisplatin 
and etoposide for previously untreated patients with extensive stage small cell lung carcinoma. 97 Retinoic acid was given at 150 mg per m2 and was begun on day 1 of 
treatment and continued for one year. Of the 22 evaluable patients, 59% discontinued retinoic acid due to toxicity. These included mucocutaneous reactions, 
headaches, anorexia, fatigue, nausea/emesis, myalgias, and confusion. 97 The overall response rate was 45%, with a median survival of 10.9 months. Presently the 
combination of retinoic acid with combination chemotherapy is not effective enough and too toxic for routine use. Newer synthetic retinoids which have less toxicity 
and are more potent inhibitors of SCLC cell growth in culture than retinoic acid are presently being evaluated. 98

MYC FAMILY AMPLIFICATION, mRNA EXPRESSION, AND PROTEIN STUDIES IN HUMAN LUNG CANCER

The MYC family genes have been studied in a large number of tumor cell lines and tumors. Table 5.1, Table 5.2, Table 5.3, Table 5.4 and Table 5.5 list the studies 
done of lung cancer cell lines and lung cancers. If a lung cancer or lung cancer cell line is reported in more than one publication, the cell line in the table is listed with 
the article in which it first appeared and is not included when studied in subsequent publications.

TABLE 5.1. MYC FAMILY DNA AMPLIFICATION IN SMALL CELL LUNG CANCER CELL LINES

TABLE 5.2. MYC FAMILY mRNA EXPRESSION IN SMALL CELL LUNG CANCER CELL LINES

TABLE 5.3. MYC FAMILY DNA AMPLIFICATION AND EXPRESSION IN TUMORS FROM PATIENTS WITH SMALL CELL LUNG CANCER



TABLE 5.4. MYC FAMILY DNA AMPLIFICATION AND EXPRESSION OF NON–SMALL CELL LUNG CANCER CELL LINES

TABLE 5.5. MYC FAMILY DNA AMPLIFICATION AND EXPRESSION IN TUMORS FROM PATIENTS WITH NON—SMALL CELL LUNG CANCER

MYC Family DNA Amplification and Expression in Small Cell Lung Cancer Cell Lines

MYC family DNA amplification and expression have been studied in 185 and 73 SCLC cell lines and xenografts respectively. Approximately 40% of tumor cell lines 
established from patients with SCLC have MYC family DNA amplification (Table 5.1). MYC and LMYC DNA amplification are present in 15% and 18% respectively of 
the tumor cell lines, while N-MYC is present in 7%. Three cell lines have been described that have amplification of more than one member of the MYC family of 
genes. These include Lu-135 (MYC and LMYC), DMS-273 (MYC and LMYC), and NCI-H2552 (LMYC and NMYC).80,99,100

Four different reports describe MYC family DNA amplification in 16 tumor cell lines established from seven patients with SCLC at different times during their clinical 
course.70,81,91,99 In three of these studies, the MYC family DNA amplification status appears to be consistent in five of the patients. 70,81,99 In the tumor cell lines 
established from the individual patients, the same MYC family gene was amplified in each series of cell lines. MYC was amplified in five cell lines from two patients, 
LMYC in four cell lines from two patients, and none in four cell lines from two patients. An exception to this observation has been reported. 91 Hole and colleagues 
have described a series of three cell lines established from a single patient with SCLC at presentation, at recurrence after nine cycles of chemotherapy, and after a 
subsequent course of radiotherapy. The tumor cell lines established prior to the initiation of treatment had NMYC DNA amplification, while the two cell lines 
established after the patients recurred had MYC DNA amplification. This is the single example where tumor cell lines established from the same patient at different 
times during treatment course had a different MYC family gene amplified.

MYC family mRNA expression in SCLC cell lines have been studied by Northern blot analyses, nuclear run-off studies, S1 nuclease analyses, and in situ 
hybridization.12,15,25,10 An S1 nuclease analysis (Figure 5.5) using an antisense MYC probe encompassing the first exon showed that the SCLC cell lines NCI-H82, 
NCI-H146, and NCI-N417 use both promoters (P1 and P2) within the first exon. 15,101 The second promoter is preferentially used, as has been typical of normal 
cells.12,101 In situ hybridization of the cytospins and xenografts of SCLC cell lines with DNA amplification of MYC (NCI-N417, NCI-H82), NMYC (NCI-H526), and 
L-MYC (NCI-H378) showed cell lines which had easily detectable MYC family mRNA expression.102 MYC family mRNA expression is detected more commonly than 
MYC family DNA amplification in SCLC cell lines and xenografts. MYC mRNA expression is present in approximately half, and NMYC and LMYC mRNA expression is 
present in 26% and 39% respectively (Table 5.2). Multiple cell lines have been described that have detectable mRNA expression of more than one MYC family 
member.99 The mRNA expression of the MYC family genes is two to four times as common as DNA amplification of the genes. Therefore SCLC cell lines and 
xenografts commonly have increased mRNA expression of the MYC family genes without evidence of DNA amplification.

FIGURE 5.5. Northern blot and S1 nuclease analysis of small cell lung cancer cell lines and transfected clones: Cells grown from a clone of NCL-H209 were 
transfected with the normal human MYC gene with a selectable marker, individual clones were grown, and RNA was isolated. Northern blots were prepared and S1 
nuclease analyses done as described in reference 15. NCI-H209, NCI-H146, and NCI-N417 represent SCLC cell lines, and clones A to E represent different clones 
transfected with the human MYC gene. Clones A to C have one intact MYC gene, clone D has deleted the MYC gene, and clone E has six copies of the MYC gene. 
The Northern blot was hybridized with a Cla-Eco R1 third exon fragment of the human MYC gene, and the signal at 2.3 kilobases (Kb) represents the mRNA. The S1 
nuclease analysis shows a first exon probe hybridized to the mRNA, and the single strands of mRNA and antisense probe are digested away with S1 nuclease. The 
signal at 840 base pairs (bp) represents undigested probe, the signal at 520 bp represents the mRNA initiated at the first promoter, and the signal at 350 base pairs 
represents the mRNA initiated at the second promoter. (From Johnson BE, Battey JF, Linnoila I, et al. Changes in the phenotype of human small cell lung cancer cell 
lines after transfection and expression of the c- myc. J Clin Invest 1986;78:525, by copyright permission of the Society of Clinical Investigation.)

The regulation of MYC family mRNA expression has been studied in a subset of SCLC cell lines. 101,103 The DNase I sensitivity patterns and methylation patterns of the 
MYC gene in the SCLC cell lines NCI-H82 and NCI-H378 have been investigated. Chromosomal regions undergoing active transcription tend to be sensitive to 
DNase I treatment and are hypomethylated in the CpG (cytosine-guainine) dinucleotides, while chromosomal regions that are quiescent are not sensitive to DNase 
treatment and are hypermethylated. NCI-H82 has 40 to 50-fold MYC DNA amplification and abundant expression, while NCI-H378 has a single copy of the MYC gene 



and undetectable mRNA expression. The DNase hypersensitivity sites were identical in the two cell lines, and the hypomethylation and partial methylation patterns in 
the MYC gene locus were very similar. Therefore these structural chromatin patterns did not appear to be the mechanism of altered MYC gene expression.

In addition to an increase in MYC family mRNA expression caused by amplification, attenuation of mRNA expression takes place within the first intron in MYC and 
LMYC, which reduces the amount of steady-state mature mRNA.103 Attenuation blocks the transcription of a gene after it is initiated. This attenuation takes place in 
tumor cell lines which do and do not have amplification of the same MYC family gene. The loss of this attenuation in intron 1 of the MYC gene (NCI-H146) and LMYC 
(NCI-H432) is associated with increased mRNA expression of these genes. Increased expression of NMYC is associated with increased promoter function and gene 
amplification.

Antisense mRNA expression of the NMYC gene has been shown to play a potential role in the regulation of the NMYC gene.25 Antisense mRNA expression refers to 
the transcription of the DNA strand complimentary to the strand coding for the NMYC gene product. Antisense NMYC mRNA initiates within the first intron and 
transcribes through the first exon in NCI-H249. Most of this antisense NMYC mRNA exists as a complex with the first exon and intron of sense NMYC mRNA, 
suggesting that this duplex could control mRNA processing and thereby regulate the production of the NMYC gene product.

Eleven tumor cell lines from nine patients have been studied for their mechanisms of increased MYC family mRNA expression in the absence of DNA amplification. 
The mechanism for increased MYC family mRNA expression in the absence of amplification has not been established in the vast majority of tumor cell lines. However, 
mechanisms that increase MYC family mRNA expression other than gene amplification are likely to be important because the majority of lung cancers and lung cancer 
tumor cell lines with MYC family mRNA expression do not have MYC family DNA amplification of the corresponding gene.

Variability in processing of mRNA can also give rise multiple forms of the mRNA, leading to altered protein products in SCLC ( Figure 5.6).30 The LMYC gene can give 
rise to two different long forms of mature mRNA, which can either retain the first intron sequences (3.9 kbase mRNA) or process them out (3.6 kbase mRNA). The 
presence or absence of the first intron LMYC sequences has been demonstrated in mRNA extracted from normal human testis as well.104 This shows alternative 
LMYC mRNA processing can take place in both normal tissue as well as tumor tissue.

FIGURE 5.6. mRNA processing of the LMYC gene: The upper diagram depicts the genomic structure of L-MYC. The open boxes represent the three exons and the 
two lines between the boxes are the two introns. The four boxes below the genomic structure represent the portions of the introns and exons included in the mRNAs in 
both the long and short forms of mRNA. (From Kaye F, Battey J, Nau M, et al. Structure and expression of the human L- myc gene reveal a complex pattern of 
alternative mRNA processing. Mol Cell Biol 1988;8:186, with permission.)

The LMYC gene can also give rise to two different short forms of mature mRNA when the RNA polymerase continues reading into the second intron and uses one of 
several potential polyadenylation signals to terminate transcription in the second intron. These short forms can either retain the first intron or process it out (2.2 kbase 
mRNA). These four different forms are present in two different SCLC cell lines. The predicted amino acid sequence of these short forms will be different because they 
do not contain the protein coding sequences contained in the absent third exon. Antibodies generated by immunizing rabbits detected only proteins predicted to be 
translated from the long forms of mRNA.32 In contrast, antibodies directed against homologous sequences present in all three MYC genes identified proteins the size 
predicted from the short forms of mRNA as well as the long forms.33 The presence of proteins translated from the short forms of mRNA remains unresolved and their 
potential role remains undefined.

MYC FAMILY DNA AMPLIFICATION AND EXPRESSION IN SMALL CELL LUNG CANCER TUMORS

MYC family DNA amplification and expression have been studied in 219 and 40 tumors respectively from patients with SCLC ( Table 5.3). Approximately 22% of the 
tumors from patients with SCLC have MYC family DNA amplification. MYC family DNA amplification is less common in tumors than in tumor cell lines and xenografts. 
MYC DNA amplification is about one third as common in tumors as in tumor cell lines (5% versus 15%), NMYC DNA is similar (8% in both), LMYC DNA amplification 
is two thirds as common in the tumors as in the tumor cell lines (12% versus 18%). No tumor from a SCLC patient has DNA amplification of more than one MYC family 
gene.

Two studies showed that the MYC family DNA copy number was similar in multiple sites of metastatic disease from 26 different patients with SCLC. 68,81 Wong and 
associates reported on four patients where all ten metastatic lesions had amplified copies of the MYC family genes two patients with MYC and two with N-MYC DNA 
amplification).68 In addition, 17 patients' original tumors did not have MYC family DNA amplification, nor did their 41 metastatic lesions. Takahashi and co-workers 
reported on five SCLC patients' 11 simultaneous tumor samples. 81 One patient's tumor samples had MYC, one had LMYC, and three had no MYC family DNA 
amplification. In addition, one patient with SCLC had MYC DNA amplification in the tumor before treatment and at postmortem examination.

In contrast, two other reports have described different MYC family DNA copy numbers in different sites from the same SCLC patient. Yokota and colleagues reported 
on a patient with SCLC where they studied the primary tumor and four different sites of metastases. 80 The primary tumor, pulmonary hilar lymph node, and pleural 
metastasis all had about 100-fold amplification of NMYC, while a liver metastasis and para-aortic lymph node did not have NMYC DNA amplification. Noguchi and 
co-workers were able to study tumors from 47 patients with SCLC.105 Eleven patients had MYC family DNA amplification in their primary tumor. Nine of the 11 had 
similar degrees of MYC family DNA amplification in the metastatic sites as in the primary tumor site. One of the other two patients had NMYC DNA amplification in 
part of the primary tumor and three metastatic sites, while a different part of the primary tumor and three metastatic sites did not have NMYC DNA amplification. The 
other patient had LMYC DNA amplification in metastatic lymph nodes present at postmortem examination but not present in the primary lesion which had been 
resected prior to the patient death. No investigators found DNA amplification of multiple members of the MYC family DNA in the same sample.

MYC family mRNA expression is detected more commonly than MYC family DNA amplification in tumors obtained from patients with SCLC (Table 5.3). MYC and 
LMYC mRNA expression is present in approximately one fourth to one third respectively, and N- MYC mRNA expression is detectable in only a single tumor. The 
mRNA expression of the MYC and LMYC is three to four times as common as DNA amplification of the genes, while NMYC expression is less common. Therefore 
SCLC cell lines and xenografts commonly have increased mRNA expression of the MYC family genes without evidence of DNA amplification. The incidence of MYC 
family DNA amplification and mRNA expression is less common in the tumor than in the tumor cell lines.

MYC Family DNA Amplification in Tumors, Tumor Cell Lines, and Xenografts from the Same Patient with Small Cell Lung Cancer

The MYC family copy number is nearly always similar in the tumors and the tumor cell lines plus the athymic nude mouse xenografts established from tumors obtained 
from patients with SCLC. One report showed that the MYC family DNA copy number was similar in tumors and tumor cell lines from 16 patients with SCLC.106 Figure 
5.7 shows examples of NMYC DNA amplification in tumors and tumor cell lines from the same individuals but having a single copy in the normal tissue. The intense 
signals in NCI-H720, the tumor from patient 1, NCI-H526 and the tumor from patient 2, NCI-H526 and the tumor from patient 2, NCI-H689 and the tumor from patient 
3, and the tumor from patient 4 show NMYC DNA amplification. The normal tissues from all these patients show a less intense 1.9 base signal, representing a single 
copy of the gene, which shows that the amplification takes place only in the cancer and not in the patients' normal tissue. The single exception was in a patient where 



the tumor DNA had degraded so the DNA copy number of the tumor could not be accurately determined.

FIGURE 5.7. N-MYC DNA amplification in patients' tumors and tumor cell lines: Southern blot of 10 micrograms of DNA digested with the Bam H1 restriction 
endonuclease from SCLC tumors, normal tissues, and tumor cell lines hybridized to N- MYC exon 2 fragment. The tumor for each patient is designated T and the 
normal tissue is designated N. SCLC cell line NCI-H526 was derived from a tumor from patient number 2, and NCI-H689 was derived from a tumor from patient 
number 3. The signals that appear at 1.9 kb represent the signal from the fragment N- MYC. The signal at 3.1 kilobases represents gastrin-releasing peptide gene, 
present in a single copy. (From Johnson BE, Makuch RW, Simmons AD, et al. myc family DNA amplification in small cell lung cancer patients' tumors and 
corresponding cell lines. Cancer Res 1988;48:5163, with permission.)

Yokota and associates reported that the cell line Lu-135 was amplified for both MYC and LMYC.80 The tumor from which Lu-135 was established had LMYC DNA 
amplification but did not have MYC DNA amplification. Dr. Yokota also reported on a second tumor cell line, Lu-139, which had MYC DNA amplification while the 
original tumor did not. Takahashi and colleagues reported on two patients with SCLC who had both their tumors and tumor cell lines studied. 81 One had MYC DNA 
amplification in two tumor samples as well as two tumor cell lines established from these tumor specimens. The other patient with SCLC did not have MYC family DNA 
amplification in either the two tumor cell lines or the tumors. Kok and colleagues reported on the MYC family DNA amplification status of a tumor and tumor cell line 
established from the same patient prior to starting his therapy. 91 The supraclavicular lymph node and the tumor cell line established from it, GLC-14, had MYC DNA 
amplification. In contrast, the tumor cell lines established from tumors after treatment, GLC-16 and GLC-19, had MYC DNA amplification and the tumors were not 
available for study.

The MYC family DNA copy number was also examined in tumors and xenografts from 13 patients with SCLC. Four of the 13 patients with SCLC had MYC family DNA 
amplification (two MYC, one N-MYC, and one L-MYC) in both their tumors and xenografts. Two patients had MYC DNA amplification in their xenografts but not in the 
primary cancer. All primary cancers and xenografts which had MYC family DNA amplification had abundant expression of that MYC family gene.93

There is evidence that MYC DNA amplification occurs more commonly in tumor cell lines and xenografts than in tumors (Table 5.3 and Table 5.4). This is likely to be 
caused by a combination of MYC gene amplification which takes after cells are placed in culture 80 or in xenografts,83,85 and the tumor cell lines are more likely to grow 
if they have MYC DNA amplification. These two reasons likely explain the more than three fold higher incidence of MYC family DNA amplification in tumor cell lines 
and xenografts (15%) than in the tumors taken directly from patients (4%). The incidence of NMYC and LMYC DNA amplification in tumors, tumor cell lines, and 
xenografts is similar.

MYC Family DNA Amplification in Tumors from Patients with Small Cell Lung Cancer: Clinical Status and Course

MYC family DNA amplification and expression in tumors and tumor cell lines from patients with SCLC have also been associated with chemotherapy treatment and 
shortened survival.105,106 and 107 However, all three studies are retrospective, and two studied the tumors or tumor cell lines obtained after the patients died 105 or had 
relapsed after initial treatment. 106

Brennan reported on MYC family DNA amplification in tumors and tumor cell lines obtained from patients either before or after chemotherapy treatment. 106 MYC family 
DNA amplification was detected in 19 out of 67 (28%) of the specimens (35 tumor cell lines and 32 tumors) from patients previously treated with chemotherapy. Seven 
specimens from previously treated patients had MYC, seven had NMYC, and five had LMYC DNA amplification. This was significantly more than the incidence of 
MYC family DNA amplification detect in the specimens obtained from patients prior to the initiation of treatment (3 of 40; p=0.01) where one had N- MYC and two had 
L-MYC DNA amplification. Other authors have not directly analyzed the effect of chemotherapy treatment on the incidence of MYC family DNA amplification, so 
information from other groups is not available (Table 5.1).

Noguchi and his colleagues obtained tumor samples from 47 patients with SCLC who underwent postmortem examination. 105 Dot blot hybridization of the DNA 
extracted from paraffin-embedded tissue was used to determine the DNA copy number of the MYC family genes. One patient had MYC, five patients had NMYC, and 
five had LMYC DNA amplification in their tumor sample. If the five patients whose tumor had MYC family DNA amplification of ten or less (two with NMYC and three 
with LMYC) were removed from the analysis, the patients with MYC family DNA amplification of ten copies or greater lived a shorter time than patients without MYC 
family DNA amplification (p=0.06). This study's shortcomings include that the studies were done on the tumors from patients with SCLC after they had died of their 
cancer, they were done after the patients had been treated with chemotherapy, and their data were extensively analyzed before arriving at a survival difference.

The other study evaluated 69 tumor cell lines established from patients with SCLC, 106 with a recent update including additional 27 cell lines. 100 Fifty-two were 
established from patients who had not been previously treated with chemotherapy, while 44 were established from patients previously treated with chemotherapy. The 
survival of the patients who had tumor cell lines established prior to the start of chemotherapy was much shorter than patients whose tumor cell lines were established 
after the start of therapy, so the two groups were analyzed separately. Eight of the 44 tumor cell lines established from patients previously treated with chemotherapy 
had MYC DNA amplification. The patients whose tumor cell lines had MYC DNA amplification lived a shorter time (median of 25 weeks) than the patients whose tumor 
cell lines did not (median of 54 weeks) Figure 5.8. There was no association between NMYC or LMYC DNA amplification in the patients' tumor cell lines and patient 
outcome. However, this study's shortcomings include that the studies were done on tumor cell lines instead of the tumors from patients with small cell lung cancer, 
they were done on a small subset of the entire patient group (44 out of 306), and they were done after the patients had been treated with chemotherapy.

FIGURE 5.8. Survival from the initiation of chemotherapy of small cell lung cancer patients whose cell lines established at relapse had MYC DNA amplification 
compared with patients whose cell lines did not. Patients whose cell lines had DNA amplification of MYC lived a shorter time compared to those patients without MYC 
amplification (p = 0.0011). (From Johnson BE, Russell E, Simmons AM, et al. MYC family DNA amplification in 126 tumor cell lines from patients with small cell lung 
cancer. J Cell Biochem Suppl 1996;24:210, with permission.)



A single small study has examined MYC family mRNA expression and patient outcome.107 Fifteen patients with SCLC who underwent mediastinal biopsies were 
selected. The seven patients whose formalin-fixed, paraffin-embedded mediastinal biopsies had abundant expression of NMYC mRNA by in situ hybridization were 
less likely to have a complete response and lived a shorter time than the eight patients whose tumors did not have detectable NMYC mRNA. The shortcomings of this 
study were that the other MYC family genes were not evaluated, only a small number of patients were examined, and there were potential patient selection factors.

Despite the defects in these three studies, in vitro evidence shows MYC amplification and expression being associated with growth of SCLC, and there is prospective 
data showing that DNA amplification of N-MYC in pretreatment specimens of childhood neuroblastoma is associated with shortened survival. 108

MYC Family DNA Amplification and Expression in Non–Small Cell Lung Cancer Cell Lines

The information of MYC family DNA amplification and expression in tumor cell lines and xenografts established from patients with NSCLC is much less extensive than 
that from patients with SCLC. MYC family DNA amplification and expression has been studied in 26 and 18 NSCLC cell lines and xenografts respectively. Less than 
one third of tumor cell lines established from patients with NSCLC have MYC family DNA amplification (Table 5.4). MYC DNA amplification is present in 23% while 
NMYC and LMYC are present in a single cell line.

MYC family mRNA expression is detected more commonly than MYC family DNA amplification in tumor cell lines and xenografts obtained from patients with NSCLC 
(Table 5.4). MYC and LMYC mRNA expression is present in approximately two thirds to one fourth respectively and N- MYC mRNA expression is detectable in only a 
single tumor. The mRNA expression of the MYC and LMYC is three to four times as common as DNA amplification of the genes, while NMYC expression is less 
common. Therefore, NSCLC cell lines and xenografts commonly have increased mRNA expression of the MYC family genes without evidence of DNA amplification.

MYC Family DNA Amplification and Expression in Non–Small Cell Lung Cancer Tumors

MYC family DNA amplification and expression have been studied in 279 and 69 tumors from patients with NSCLC. Approximately 10% of the tumors from patients with 
NSCLC had MYC family DNA amplification (Table 5.5). MYC and LMYC DNA amplification was present in the tumors in 8% and 3% respectively. None of the tumors 
from 257 patients with non–small cell lung cancer had NMYC DNA amplification. In addition, no tumor from a patient with NSCLC patient had DNA amplification of 
more than one MYC family gene.

MYC mRNA expression was detected more commonly than MYC DNA amplification in tumors from patients with NSCLC. MYC mRNA expression was present in one 
third and NMYC and LMYC mRNA expression were so uncommon that they were not examined in the following reference.84 MYC mRNA expression was four times as 
common as DNA amplification of the genes.

MYC Proteins in Patients with Non–Small Cell Lung Cancer

The presence of MYC protein has been studied by flow cytometry and immunohistochemistry on clinical samples of surgically resected NSCLC. Two studies 
examined 30 NSCLCs for the presence of the MYC protein in the surgically resected cancers. 109,110 Fifteen NSCLCs were surgically resected, frozen, cell suspensions 
prepared, and incubated with a murine monoclonal antibody directed against the MYC protein. The cells stained with the antibody were passed through a cell sorter, 
and the percentage of cells staining with the murine monoclonal antibody was determined. Of the 15 (67%) NSCLCs seven adenocarcinomas and three squamous 
cell carcinomas, ten had abundant MYC protein detected.109 Another study examined 15 frozen sections of NSCLCs with antibodies directed against MYC.110 Six of 
the 15 (40%) had protein detectable by immunuhistochemistry. Three of these six also had foci of squamous metaplasia, and the MYC protein was detectable in all 
three of these foci.

Two different reports from the same institution showed the percentage of NSCLC with MYC protein detectable by immunohistochemistry of paraffin-embedded tissues 
and its relationship to clinical outcomes. 110,111 About one half of patients (48% to 57%) had detectable MYC protein in their NSCLC. The authors showed a statistically 
significant association between the presence of MYC protein in the surgically resected NSCLC and the presence of metastases in a univariate analysis. 111 These 
studies show the presence of the MYC protein in approximately half of NSCLCs, which is similar to the percentage of NSCLC cell lines and tumors expressing MYC 
mRNA. However, MYC DNA amplification, mRNA expression, and protein have been studied in very few NSCLC cell lines and tumors, so the studies are only 
correlative to date.

Gene Therapy with MYC in Lung Cancer

The MYC family of genes appears to have a prominent role in the pathogenesis and progression of SCLC. These genes are attractive targets for gene therapy. One 
approach is to inhibit MYC mRNA by using antisense oligonucleotides. This technology has been used successfully to inhibit MYC expression in hematopoetic cell 
lines, colon cancer cell lines, and neuroblastoma cell lines. Studies using LMYC antisense constructs have been performed using the SCLC cell line NCI-H209. 112 The 
antisense oligonucleotide was used at a concentration of 10 µM and was shown to inhibit cell growth in vitro in a sequence and dose-dependant manner (range 1.6 to 
10 µM). The levels of LMYC protein were also shown to be decreased (to ~30% of control) in the treated cells. This antisense inhibition was LMYC-specific, as the 
construct was unable to inhibit the growth of cell line NCI-H82, which is known to contain an amplification of MYC.112 Antisense studies using c-myc have also been 
performed in SCLC cell line GLC4 and its two drug-resistant ( in vitro acquired) subclones to cisplatin (GLC 4-cDDP) and adriamycin (GLC4-Adr).113 These studies have 
been performed using both purified antisense oligonucleotides and using a plasmid construct containing a dexamethasone-inducible expression system. 113,114 These 
studies resulted showed aon ~30% growth reduction in the GLC 4 cell lines tested. In addition, increased cisplatin sensitivity (12% more cell kill at IC25 and 16% more 
cell kill at IC50) was observed in the cisplatin-resistant subclone (GLC 4-cDDP) after treatment with antisense MYC but not in the native cell line. 114 In NSCLC cell 
lines, MYC antisense oligonucleotides have been used with NSCLC cell lines A427, A549, and SKMES-1. This also resulted in a 20% to 40% reduction in cell 
proliferation in these cell lines. 115

A second gene therapeutic approach is to take advantage of the MYC family overexpression in SCLC cells. Kumagai and colleagues constructed a plasmid containing 
an E-box element upstream of a herpes simplex virus (HSV) thymidine kinase (TK) promoter and structural gene. 116 Using a chloramphenicol acetyltransferase 
system, they could demonstrate that any MYC gene family member could activate the TK promoter. When this construct was transfected into cells and the cells were 
treated with gancyclovir, a significant increase in gancyclovir sensitivity could be demonstrated due to the presence of this construct. The increase varied depending 
on which MYC family member was overexpressed and was 33-fold for MYC (cell line OC-10), 500-fold for LMYC (cell line OS-2-R), and 22-fold for NMYC (cell line 
OS1).116 Similar findings were seen in vivo when these tumor cells were placed into nude mice that were subsequently treated with gancyclovir. Complete tumor 
regression was seen in 7 of 10 (OC-10 cells) and 5 of 10 mice (OS2-R cells). Interestingly, mice with tumors containing a mixture of the TK construct transfected cells 
(with OS2-R cells) and parental cells showed greater inhibition of growth after gancyclovir administration than would be expected on the basis of the transfected cells 
alone. This suggested that the nontransfected cells were also being effected, a process known as the bystander effect.

The data presented above using a cell culture systems and mice are encouraging but preliminary and far from being applied as effective treatment options for patients 
with lung cancer. One of the main problems is delivery of the DNA (oligonucleotides or constructs) to the tumor(s) in adequate concentrations to achieve the effect 
observed in vitro. A proposed mechanism to improve the delivery problem has been the use of lipid-packaging systems. In vitro, incorporation of LMYC antisense 
oligonucleotides into cationic virosomes resulted in decrease in LMYC protein expression (32% of control) and an inhibition in thymidine incorporation (by 60% to 
70%) in NCI-H209 cells using only picamolar concentrations of the oligonucelotide. 117 This may be a more efficient system to try in patients. However, as mentioned 
above, not all SCLC tumors overexpress MYC family genes, and thus patient's tumors would have to be intially analyzed to identify appropriate targets for treatment. 
Our knowledge of the MYC family of proteins and their interacting partners has grown significantly in the last few years. These binding partners also provide new 
targets of therapeutic intervention but have not yet been used in vitro in lung cancer.

JUN AND FOS FAMILY PROTOONCOGENES

The AP-1 (activating protein-1) family of transcription factors is composed of JUN, FOS, and ATF (activating transcription factor) proteins. These transcription factors 
form homo- and heterodimers and bind DNA at (TGACTCA or TGACGTCA) sequence-specific sites to activate transcription. These genes belong to a group of 
immediate early genes and are induced by a variety of mitogens including growth factors, serum, and phorbol esters. The information available on the JUN and FOS 



family of protooncogenes in lung cancer is sparse. Therefore the information given in this review will be brief, and readers are referred to the more complete reviews 
for mechanism of JUN and FOS family function.7,8,9 and 10

The human family of JUN protooncogenes is comprised of JUN, JUNB, and JUND. These human protooncogenes share sequence homology with the oncogene 
contained in the avian sarcoma virus 17 (ASV 17.118 This avian retrovirus was isolated from a sarcoma in an adult chicken, and the retrovirus can transform chicken 
embryo fibroblasts into neoplastic cells. JUN, JUNB, and JUND human sequences have cloned. JUN and JUNB are approximately 2 to 3 kbases long and do not have 
any introns in their gene structure. 119,120 These genes code for predominant mRNAs of 2.0 to 2.7 kbases with a predicted number of amino acids in the Jun proteins of 
331 and 347 amino acids. An incomplete human JUNB cDNA sequence has also been reported.121

The human family of FOS protooncogenes is comprised of the related genes FOS, FOS-B, and FRA1 and FRA2. These human protooncogenes share sequence 
homology with the oncogene contained in the FBJ murine osteosarcoma virus. 122 This murine retrovirus was isolated from a spontaneous sarcoma in a mouse, and 
the retrovirus can transform fibroblasts into neoplastic cells. Human genomic FOS sequences show that FOS has four exons contained within approximately 3.5 
kbases of DNA.123 The FOS gene codes for an mRNAs of 2.2 kbases with a predicted protein sequence of 380 amino acids. The cDNA sequences for the 
murine-related gene FOS-B,124 and human FRA1 and FRA2 have been reported.125 Although FOS-B, FRA1, and FRA2 have been have been identified in other 
systems, their specific role in lung cancer remains undefined.

The JUN and FOS family genes all code for a basic region of amino acids followed by a leucine zipper similar to those described within the MYC family genes, but 
they do not have the helix-loop-helix structure present in the MYC family genes.8 The JUN proteins dimerize with themselves or with FOS proteins to form an 
activation protein complex (AP-1).126,127,128 This AP-1 complex recognizes and binds to the consensus DNA sequence TGAGTCAG upstream from a number of genes, 
including collagenase and metallotheonein II, which stimulates their mRNA expression. The mRNA expression of these two genes increases rapidly following addition 
of exogenous growth factors or nonspecific stimulation by adding serum to serum-starved cells. 7,8,9 In addition, JUN is regulated posttranscriptionally by 
phosphorylation at serine and threonine residues, whereas FOS is primarily regulated by a transcriptional mechanism. 10 These genes are involved in various biologic 
mechanisms including cell proliferation, differentiation, and apoptosis. 129

JUN and FOS Expression in NSCLC Cell Lines, Primary Tumors from Patients, and Clinical Course

The published information available on the JUN and FOS genes in lung cancer is somewhat conflicting. JUN and FOS mRNA expression increases within 30 minutes 
in primary bronchial epithelial cells and in the SCLC cell line NCI-H345 in response to exogenously added growth factors or serum. 130 Serum stimulation of SCLC cell 
line NCI-H345 is accompanied by an increase in FOS and JUN mRNA expression (analyzed by Northern), whereas there is no increase in NCI-H82 cells. This cell 
line also contains an amplified MYC gene (25 copies), whereas NCI-H345 cells have a single copy of the MYC gene. The association of MYC amplification with the 
expression of FOS and JUN following serum stimulation is undefined. In the NSCLC cell line NCI-H125 there is low baseline mRNA expression of both FOS and JUN.
 Their expression increases rapidly following serum stimulation ( JUN more than FOS) followed by a down-regulation of FOS expression.52,96 Another NSCLC line 
(A549) also shows increase in JUN and FOS mRNA expression, but the level of FOS expression is greater (11-fold) than JUN (nine fold) in these cell lines. These cell 
lines also show increase in FOS and JUN mRNA expression comparable to that seen with serum following stimulation with TGF-b, insulin, and IGF-1. 96 This increase 
in expression is accompanied by an increase in AP-1 transcriptional activity. Lee and colleagues described the level of FOS and JUN expression as being higher in 
normal bronchial epithelial cells (HBE) than in tumorigenic HBE cells (these cell lines have been immortalized and developed in nude mice). 132 This is accompanied 
by a decrease in AP-1 transcriptional activity and has also been observed in NSCLC cell lines Chago K1 and SKMES-1. 131 This decrease in AP-1 transcriptional 
activity appears to be due in part to suppression of FOS transcription.132 The mRNA expression of the FOS and JUN family members has also been studied. JUNB 
and JUND MRNA expression (by Northern analysis) was detected in ten of ten NSCLC cell lines studied while FRA1 mRNA expression was high in two of ten cell 
lines (NCI-H1299 and NCI-H441) and minimal in four of ten cell lines. 133

The expression of JUN appears to occur early in the process of lung carcinogenesis. 133 JUN is not detectable in normal bronchial epithelium but is found by 
immunohistochemistry in bronchial hyperplasias (two of three specimens), squamous metaplasias (five of five specimens), bronchial dysplasias (three of three 
positive), and carcinomas in situ (four of five positive). In NSCLC tumor specimens, JUN was detected by immunohistochemistry in 31% of specimens including 
squamous cell carcinomas, adenocarcinomas, and large cell carcinomas. There was no statistically significant difference in expression between the various histologic 
subtypes. However, Levin and colleagues have found that FOS and JUN were expressed at high levels in normal tissues and that the expression was much lower in 
the adjacent malignant tissues (in 72% of cases) in the same specimen.134 This was confirmed both by RNA expression studies and using immunohistochemistry with 
four different histologic subtypes of NSCLC.

The clinical significance of JUN or FOS expression in human lung tumors is presently under investigation. JUN protein has been detected in 31% to 51% of the 
tumors, and FOS protein was detected in 42% to 60% of the NSCLC cancers.110,111,133 In a xenograft model, tumors (squamous cell carcinomas) overexpressing FOS 
or JUN grew better in athymic nude mice compared to those without overexpression. 135 Analysis of patients with squamous cell carcinoma showed that FOS 
expression in the tumor specimen (as assayed by immunohistochemistry) was a significant negative prognostic factor independent of lymph node 
involvement.133,136,137 Patients whose tumors were positive for either FOS (60% of tumors) or JUN (49% of tumors) had significantly shorter median survivals. These 
studies were retrospective and nature and need to be confirmed prospectively and in additional patient populations. Szabo and colleagues report no association 
between JUN protein expression in NSCLC and survival. 133 However, this study included four different histologic subtypes of NSCLC.

FUTURE STUDIES OF THE MYC, JUN, and FOS FAMILIES IN LUNG CANCER

Over the last few years, a great deal has been learned about the MYC family of genes and their dimerization partners. In addition, the role of the MYC family of genes 
in normal development (including lung development) has been elucidated. The role of the various MYC-binding proteins in lung cancer (if any) remains to be defined. 
The lung cancer cell lines and tumors have been extensively characterized for MYC family mRNA expression and protein production. There are numerous examples 
of increased expression and protein production of various members of the MYC family in different lung cancers and lung cancer cell lines. This will offer fertile territory 
for investigation into the interaction of MAX, MAD, and MXI1 gene products within a class of human cancers known for its abnormalities with this family of genes. In 
addition, these dimerization partners may be appropriate for gene therapeutic interventions.

Extensive work will need to be done on the JUN and FOS family of protooncogenes to understand their role within lung cancer. We already know that the genes are 
expressed in bronchial epithelial cells and lung cancer cell lines, though there appear to be discrepancies regarding their expression in primary lung cancers. The role 
of FOS and JUN in the generation and maintenance of lung cancer is yet to be elucidated. Future studies of these nuclear oncogenes will be needed to understand 
better their role in lung cancer.

SUMMARY

The extensive studies on the MYC family protooncogenes in lung cancer have shown that MYC plays a prominent role in the growth in lung cancer. MYC mRNA 
expression is present in the normal developing and mature adult lung. The majority of lung cancers express one or more MYC family mRNAs, while a minority of lung 
cancers have MYC family DNA amplification. The MYC gene appears to be more closely linked with more rapid growth than NMYC and LYMC, because it is more 
active in establishing permanent cell lines in the rat embryo fibroblast system, is more closely linked with the variant SCLC phenotype and appears to select for 
increased chance of growth in xenografts and cell culture. Amplification of the MYC gene is associated with more rapid growth of SCLC as measured by doubling 
times and increased cloning efficiency in soft agarose. Transfection of the MYC gene into a SCLC cell line that does not express MYC mRNA changes its morphology 
into a variantlike cell line and increases its growth rate. Retinoic acids decrease the amount of MYC mRNA expression and the growth rate of SCLC cell lines. In 
addition MYC family DNA amplification in SCLC is associated with shortened patient survival. Therefore, the MYC gene appear to be active in the development of the 
phenotype of lung cancer cells in vitro and in vivo in patients with lung cancer.

The JUN and FOS nuclear protooncogenes are in their very early stages of study in lung cancer and additional studies are needed to define their role.
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Cancers arise by a multi-step process in which cells become malignant by multiple genetic alterations affecting cell growth, differentiation, and survival. To suppress 
tumor formation, multicellular organisms have evolved mechanisms to protect against the uncontrolled growth of cells. One such mechanism involves the tumor 
suppressor gene p53.

p53 is a tumor suppressor that is activated in cells that have undergone stress, such as exposure to genotoxic agents or oncogene activation ( Figure 6.1). Once 
active, p53 initiates either cell cycle arrest or programmed cell death (apoptosis). It does so, in part, by binding to specific DNA sequences that control the expression 
of genes whose products govern cell growth and cell death. The timepoint in the genesis of a tumor at which p53 mutation occurs depends on the tumor type and can 
vary from an early event to a late step in tumor progression. Relatively early mutation of p53 appears to occur in cells that are chronically exposed to DNA-damaging 
agents and inflammation. The differences in the timing of p53 loss during tumor progression among different tumor types suggest that the tumor suppressor is active 
under specific conditions, and only then does tumor progression select for cells that have lost normal p53 activity. This selection then requires the inactivation of p53 
for continued tumor growth because restoring p53 function to these tumor cells results in either growth arrest or death. Loss or mutation of the p53 gene occurs often 
in lung cancers.

FIGURE 6.1. Survival from the initiation of chemotherapy of small cell lung cancer patients whose cell lines established at relapse had MYC DNA amplification 
compared with patients whose cell lines did not. Patients whose cell lines had DNA amplification of MYC lived a shorter time compared to those patients without MYC 
amplification (p = 0.0011). (From Johnson BE, Russell E, Simmons AM, et al. MYC family DNA amplification in 126 tumor cell lines from patients with small cell lung 
cancer. J Cell Biochem Suppl 1996;24:210, with permission.)

Research on p53 over the past decade has demonstrated that p53 is a protein toward which many signals are directed and from which many signaling cascades 
emanate. This chapter focuses on the p53 protein, outlines the biochemical signals that are upstream and downstream of p53, and discusses its clinical relevance to 
human lung cancer. Understanding the signaling pathways that regulate and are regulated by p53 have allowed, and will continue to provide, increased 
understanding of the clinical behavior of lung cancer and opportunities for clinical intervention in lung cancer cells lacking functional p53.

P53 STRUCTURE AND FUNCTION

The p53 protein can be divided into three functional domains ( Figure 6.2). Each individual domain plays a critical role in p53 function. The amino terminus (amino 
acids 1–100) of the protein contains an acidic transactivation domain. Proteins that bind this domain either stimulate or inhibit the ability of p53 to regulate 
transcription of genes. When basal transcription factors (TF) such as TFIID 1 or the TFIIH complex2 are recruited to this domain, transcription of p53 downstream target 
genes is activated. In addition to its role in transcription, TFIIH is required for transcription-coupled DNA repair, which has led to the speculation that p53 may have a 
role in DNA repair. 3,4,5,6,7,8 and 9 The transcriptional co-activator p300 also binds p53 at its amino-terminus. 10 This interaction is proposed to be necessary for 
p53-mediated G1/S arrest and apoptosis10 and has been shown to result in p53 acetylation in vitro.11 Inhibitors of p53-mediated transcription, such as murine double 
minute 2 (MDM2)12,13 and the 55 kDa adenoviral protein E1B, have been shown to bind to the amino-terminal domain of p53 and are hypothesized to block access of 
the basal transcriptional machinery to p53. The crystal structure of the amino-terminus of p53 bound to the MDM2 protein has been solved. It reveals that the 
hydrophobic amino acids that constitute an amphipathic helix in the amino-terminus of p53 are involved in MDM2 binding. 14 A proline-rich subdomain in the 
amino-terminus of p53 has also been shown to be critical for the growth-suppressive effects of p53 but unnecessary for transcriptional activation. 15

FIGURE 6.2. Schematic representation of the p53 protein. The protein has 393 amino acids. Five regions, shown in gray, are evolutionarily conserved in sequence 
content. Amino acids 1–60 constitute the transactivation domain. Conserved region 1 within this domain is the site at which the MDM2 protein binds p53. The center 
of the protein, from amino acid 100 to 300, is the DNA-binding domain and contains four conserved sequences. The basic C-terminal regulatory domain of p53 is 
encompassed by amino acids 363–393 and is represented by the checkered region in the diagram. The hatched area shows the location of the tetramerization 
domain within the C-terminus (amino acids 323–356). Circles in the diagram represent sites of posttranslational modifications. Seven amino acids in the 



amino-terminus can be phosphorylated. Of note, the ATM kinase and DNA-dependent protein kinase (DNA PK) phosphorylate Serine 15 of p53 after DNA damage. 
DNA PK has also been shown to phosphorylate Serine 37. Serine 33 can be phosphorylated by cdk-activating kinase (CAK). Following phosphorylation of Serine 15, 
p53 is thought to be acetylated by p300 (Lysines 373 and 382) and/or pCAF (Lysine 320). In addition to acetylated amino acids, the carboxyl-terminus may be 
phosphorylated by casein kinase II (CKII), protein kinase C (PK-C), and cdk complexes (CDK).

The central domain of p53 is required for sequence-specific DNA binding. 16 A majority of tumor-derived p53 mutations reside in this domain, underscoring the 
importance of p53 DNA-binding activity in tumor suppression. 17 The mutations predominantly occur in the four regions of the central domain that are highly conserved 
across many species. In lung cancer, p53 codons 157, 248, and 273 are often found mutated, 18,19 abrogating the ability of p53 to bind DNA. When the crystal 
structure of a complex containing the central domain of p53 and a cognate DNA-binding site was solved, 16 it provided great insight into how tumor-derived mutations 
inactivate p53 function. The structure of the core domain revealed a b sandwich motif that acts as a scaffold for two large loops and a loop-sheet-helix configuration. 
These latter motifs are required for the interaction of p53 with DNA. The two large loops involved in DNA binding are connected by a stretch of amino acids that 
includes a cysteine and histidine; together, these two amino acids coordinate a zinc ion, which is required for p53 activity. 20 Mutations in p53 either destroy the 
structural integrity of the central domain or alter the amino acids that directly contact the DNA. In addition to binding DNA in a sequence-specific manner, p53 can 
interact with insertion/deletion mismatches (IDLs). An intact central domain is required for complex formation with IDLs because tumor-derived mutants lack this 
activity.

The carboxyl-terminus (amino acids 293–393) of p53 is basic and appears to be the site of numerous posttranslational modifications that regulate p53 activity, 
including phosphorylation, acetylation, and glycosylation. 11,21,22,23 and 24 The carboxyl-terminus of p53 also reportedly binds nonspecifically to both short, 
single-stranded DNA, RNA and double-stranded DNA containing nucleotide loops. 8,25,26 and 27 Many functional motifs are encompassed within the carboxyl-terminus, 
such as the nuclear localization signal and an amphipathic helix involved in oligomerization; 28 p53 is thought to be transcriptionally active when it is in a homodimeric 
or homotetrameric form.29 A crystal structure of the oligomerization domain of p53 has been solved. 30,31 and 32 Solution of this structure predicts a tetramer or dimer of a 
dimer. Each p53 monomer has a large hydrophobic area composed of both b strands and a helices that is buried upon tetramerization of the protein. The 
oligomerization capability of p53 is the basis for the dominant-negative effect of mutant p53 proteins; oligomerization of mutant p53 with wild-type p53 inhibits 
DNA-binding ability and thus transcriptional activation of the wild-type protein. 33

The biochemical analyses of p53 that defined the transactivation and sequence-specific DNA-binding domains have led to the classification of p53 as a transcription 
factor that can regulate the expression of other gene products. These downstream target genes of p53 are thought to mediate its apoptotic and cell cycle effects. As 
targets, these genes have consensus p53 DNA-binding sites in their promoters, and the level of gene product increases after p53 activation. In addition to its role as a 
transcriptional activator, p53 can act as a transcriptional repressor. This repressor function is thought to be mediated by p53 binding to the basal transcriptional 
machinery, sequestering it from certain promoters. 34,35 Expression of several genes has been reported to be down-regulated by p53. These genes include bcl2, 
topoisomerase IIa, MAP4, Wee1, proliferating cell nuclear antigen (PCNA), c-fos, b-actin, and hsp70. 36,37,38,39,40 and 41

P53 TUMOR SUPPRESSION

What are the tumor-suppressive functions of p53 and how are they regulated? Initially, it was observed that the wild-type but not the mutant form of p53 blocks cells at 
the G1 phase of the cell cycle. 42,43 Recent studies have confirmed that an important role of p53 is to regulate cell proliferation and survival following DNA damage and 
perhaps during disruption of normal differentiation pathways, 44,45 p53 levels and/or activity increase in cells that have activated oncogenes 46,47 and 48 or cells exposed to 
genotoxic agents.49,50 Whether the increased level of p53 protein, 49,50 posttranslational modification, 23,51 or both are responsible for transcriptional activation of 
downstream genes is not well understood. The increase in p53 protein level is thought to be caused by metabolic stabilization of the protein and is associated with the 
transcriptional induction of specific genes, cell cycle arrest, or in some cases, apoptosis. However, the mechanisms involved in regulating p53 levels and biochemical 
activity in normal and damaged cells is still not completely known.

P53 AND CONTROL OF THE CELL CYCLE

The G1/S cell cycle arrest mediated by p53 is governed by one of its target genes, p21 Waf1/Cip1 (see also Chapter 2).52,53 The p21Wof1/Cip1 protein is a cell cycle 
inhibitor.54,55 One way in which p21Wof1/Cip1 exerts its effect is by binding to and inhibiting cyclin/cdk complexes; the kinase activity of these complexes is essential for 
the coordinated transitions between cell cycle phases. 56,57,58 and 59 The enzymatic activity of cyclin/cdk complexes is suppressed by p21 Waf1/Cip1 binding, and thus the 
cell cycle arrests. A second way in which p21Waf1/Cip1 can inhibit DNA replication (the S-phase of the cell cycle) is to bind and block the function of proliferating cell 
nuclear antigen (PCNA), a DNA polymerase processivity factor. 60 GADD45, another gene transcriptionally activated in a p53-dependent manner after DNA damage, 61 
also binds PCNA, preventing the onset of S-phase.62 Similar to p21,Waf1/Cip1 however, the role of PCNA in DNA nucleotide excision repair is unaffected when bound to 
GADD45.63,64 and 65

In addition to monitoring the G1/S cell cycle checkpoint, p53 may also play a role in regulating the G2/M transition. The cdc25C phosphatase is essential for activating 
the cyclin/cdk complex that stimulates transition of a cell from the G2 phase of the cell cycle into mitosis (M); however, it is inactivated when bound to a 14-3-3 protein 
family member.66,67 After DNA damage, when p53 is activated, the transcription of the 14-3-3s gene has been shown to be upregulated. 68 However, the relevance of 
this observation is unclear because the 14-3-3s isoform is not detectable in any cell type after irradiation, and its binding to cdc25C has not been demonstrated. 
Nevertheless, overexpression of p53 in the absence of DNA damage causes accumulation of cells in the G2/M phase of the cell cycle. 69,70 In the absence of either 
p53 or p21, the G2 arrest following DNA damage cannot be sustained, and the cell advances into mitosis. 71

Integral to cell cycle regulation is the proper coordination of mitotic exit and subsequent S-phase entry. Intact checkpoint pathways are needed to prevent the S-phase 
entry of cells that have failed to properly segregate their chromosomes during mitosis. Recent studies have demonstrated that after treatment with microtubule 
inhibitors (MTIs), cells may undergo an aberrant mitotic exit, reenter G1 with a 4N DNA content, and enter S-phase, a process known as endoreduplication that results 
in polyploid cells. Although how mitotic slippage occurs is not understood, studies have shown that cells with deficient spindle checkpoint function endoreduplicate 
after treatment with drugs that inhibit microtubule dynamics.72 Furthermore, cells lacking the gene products involved in G1/S checkpoint function, including p53, 73,74 and 

75 pRb73,76 or p21,75,76 and 77 endoreduplicate if aberrant mitotic exit occurs after MTI treatment. These studies suggest that, in addition to playing a role in checkpoint 
function after DNA damage, p53 also functions to prevent inappropriate S-phase entry after an aberrant mitotic exit and thus is critical to proper coordination of 
S-phase and mitosis. Moreover, Stewart et al. have shown that epithelial tumor cells with defective p53 signaling pathways have enhanced sensitivity to Taxol and 
vincristine-induced apoptosis. 78

Insulinlike growth factor binding protein 3 (IGF1-BP3) has been shown to be upregulated by p53 after inducible expression of p53 as well as after treatment of cells 
with genotoxic agents.79 IGF-BP3 is secreted from cells and blocks the mitogenic action of the growth factor insulinlike growth factor 1 (IGF1). These observations 
suggest that p53 may play a role in cell cycle regulation by paracrine or autocrine growth factors.

P53 AND APOPTOSIS

Several studies have shown that p53 transcriptional activity is necessary for the growth-suppressive effects of p53; 29,80 however, the importance of p53 transcriptional 
activity for promoting apoptosis is debatable (see also Chapter 2). Genes upregulated by p53 that mediate the apoptotic effects of p53 are less well characterized 
than those involved in cell cycle arrest. Nevertheless, several genes involved in apoptosis have been found to be upregulated in a p53-dependent fashion, suggesting 
that the role of p53 in initiating programmed cell death is that of a transcription factor.

p53-induced genes (PIGs) were found to be differentially expressed in cells undergoing p53-dependent apoptosis. 81 PIGs are hypothesized to be involved in the 
generation of intracellular reactive oxygen species that are thought to trigger a cascade of biochemical events culminating in the release of proteins from the 
mitochondria and initiating apoptosis. Bax, a member of the bcl-2 family of proteins that has a proapoptotic effect when overexpressed in cells, is upregulated by 



activated p53 in some cells and may therefore have a role in p53-mediated apoptosis. 82

However, p53-dependent apoptosis may not require the transcriptional upregulation of these genes. Some studies have demonstrated p53-dependent apoptosis in 
the absence of new RNA or protein synthesis, 83 or in the presence of MDM2, an inhibitor of p53 transcriptional activity. 84 Thus the p53-directed signaling to the 
initiators or effectors of apoptosis is currently unclear. Cell fate, whether cell cycle arrest or apoptosis, is likely to be dictated not only by p53 but also by a 
combination of other genetic alterations present in the cell and other stimulated signaling pathways. 85

INHIBITORS OF P53 ACTIVITY

The fact that normal cells express p53 without adverse effects implies that the tumor-suppressive functions of the protein are tightly regulated. In normal, nonstressed 
cells, the level of p53 protein is low because of its short half-life. After a stress event, the levels of p53 increase resulting from a posttranslational modification that 
prolongs its half-life. The rapid turnover of wild-type p53 in vivo may be caused by degradation by the ubiquitin proteolytic system, and the stability of the protein 
observed after DNA damage is likely caused by an inhibition of this process. 86,87

A cellular protein proposed to play an integral role in p53 half-life is MDM2. MDM2 is transcriptionally activated by p53. 88 In turn, the MDM2 protein binds to the 
transactivation domain of p53, terminating its action as a transcription factor. 89 Additionally, MDM2 can target p53 for ubiquitin-mediated proteolysis. 90,91 In effect, an 
autoregulatory feedback loop is created. The MDM2 protein is oncogenic, and although the gene is often amplified in tumors, this is not usually the case in lung 
cancer.92 The oncogenic phenotype observed with MDM2 overexpression is believed to be through its binding to p53 protein. The importance of MDM2 in regulating 
the apoptotic and growth arrest functions of p53 is suggested by the MDM2 -/- mouse model; these animals die as embryos, but the double p53 -/-, MDM2-/- knockout 
mice are viable.93,94

Cells with mutant p53 also exhibit high p53 levels; this overexpression is probably caused by loss of the p53/MDM2 biofeedback loop. The increased half-life of 
mutant p53 protein allows the detection of mutant p53-containing cells by immunohistochemistry. The latter has been used as a prognostic tool in lung cancer. The 
high levels of mutant p53 in cells may also result from selective binding of p53 mutants by heat-shock protein 70. 95

Viruses have evolved mechanisms to hijack the growth control of a host cell. One of the ways in which many DNA viruses exert their oncogenic effects is through the 
inactivation of p53. Indeed, much p53 biology was pioneered in virology studies. The E1B 55 kDa protein expressed by adenovirus binds, and therefore blocks, the 
transactivation domain of p53. SV40 large T antigen associates with the central domain of p53, inhibiting its DNA-binding ability. In fact, SV40 induces mesotheliomas 
in hamsters, and 60% of human mesotheliomas contain and express SV40 sequences.96 Whether SV40 contributes to the development of human mesothelioma is not 
known and requires further investigation. Lastly, the human papilloma virus type 16 (HPV-16) partially exerts its tumorigenic action through its E6 protein that, 
together with the E6-associated protein (E6-AP), binds and inactivates the p53 tumor-suppressor protein 97,98 by targeting it for degradation through the ubiquitin 
proteolytic system.98,99

STIMULATORS OF P53 ACTIVITY

Hyperproliferative signals in cells resulting from aberrant or excessive activity of oncogenes can elevate p53 levels and/or activity. For example, overexpression of 
c-myc46 or Ras48,100 can activate apoptosis and growth arrest, respectively, in a p53-dependent manner; however, the absence of functional p53 under these 
conditions results in cell transformation. In the case of oncogene activation, signaling to p53 is mediated by the p19 ARF tumor suppressor, an alternative reading frame 
of the INK4A locus101 (Figure 6.3). p19ARF can bind MDM2, preventing both the MDM2-mediated degradation of p53 and inhibition of p53 transactivation. 102,103,104,105 and 

106 p19ARF is not required in DNA damage signaling pathways involving p53.

FIGURE 6.3. Schematic of molecular interactions after oncogene activation. In normal cells, MDM2 binds p53, targeting it for degradation. With oncogene activation, 
levels of the ARF protein increase. ARF protein is thought to bind MDM2, freeing p53 to trigger either cell cycle arrest or apoptosis in the cell.

p53 is also activated in hypoxic conditions. 107,108 The lack of oxygen resulting from restricted blood supply at the core of many tumors represents a stress event that 
can activate p53. In such a milieu, p53 causes the cell to undergo apoptosis. However, if the cells at the core of the tumor are mutant for p53, these cells do not die 
but rather adopt a selective growth advantage in such an environment over cells with intact p53. 108 The stress sensor stimulated in hypoxic conditions, which activates 
p53, is probably an altered cellular redox environment; both REF1 109 and HIF1-a proteins regulated by hypoxia have been shown to stimulate p53 transcriptional 
activity.

Radio- and chemotherapy manifest pleiotropic effects, but the DNA damage they induce is a potent activator of p53. 60 In fact, merely introducing nucleases or a 
damaged DNA template into cells induces a p53-dependent cell cycle arrest. 110,111 A cell can acquire DNA damage in many ways. Each form of genotoxic insult 
triggers an independent pathway to p53 activation even though the end result is the same. For example, phosphorylation of p53 on the amino acid serine 15 and 
acetylation at lysine 382 occur after cells are treated with ionizing or ultraviolet radiation. 23 The kinase responsible for the serine-15 phosphorylation after ionizing 
radiation is either ATM or DNA-dependent protein kinase (DNA-PK), whereas the activity of these kinases is not necessary for this site-specific phosphorylation after 
ultraviolet radiation. The acetylation of p53 may be regulated by phosphorylation of its amino-terminus by either the ATM kinase or DNA-PK. 23,112,113 and 114 Finally, 
serine 392 is phosphorylated after ultraviolet, but not ionizing, radiation. 115 Generally, these posttranslational modifications of p53 following a cellular stress event 
activate p53 for DNA binding.11,114,116,117

P53 MUTATIONS ARE COMMON IN LUNG CANCERS

p53 mutations in lung cancer were first described in 1989. 118 Since then many authors have analyzed hundreds of lung cancer tumors and cell lines for somatically 
acquired abnormalities of p53. 119 In non–small cell lung cancer (NSCLC), most series report that 50% to 60% of tumors have identifiable mutations, 120,121 and in small 
cell lung cancer (SCLC) the frequency is 90% or greater. 122,123 In contrast to ras, where the mutations occur overwhelmingly in a single codon, the mutations in p53 
are distributed throughout the open reading frame (see Figure 6.4). The majority of mutations are substitutions of one amino acid residue for another at a single 
codon, but frame shifts, insertions, deletions, and splicing mutations have been reported. 124 p53 consists of 11 exons, divided into 3 functional regions as discussed 
previously. The majority of mutations are found in the central region, composed of exons 5 through 8. Although apparent “hotspot” codons exist, at which multiple 
tumors have been found to have mutations (e.g., codon 248 and 273 in Figure 6.4), this condition is still the minority of cases. Mutations at these “hotspot” codons 
result in several different amino acid substitutions as well.



FIGURE 6.4. Histogram showing the distribution of mutations in the p53 open reading frame (ORF) from non–small cell lung cancer and small cell lung cancer. The 
vertical axis represents the number of mutations at a given codon, and the horizontal axis represents codons in the p53 open reading frame. Above the bar are data 
from non-small cell lung cancer, and below the bar are those from small cell lung cancer. (From Mitsudomi T, Steinberg SM, Nau MM, et al. p53 gene mutations in 
non-small cell lung cancer cell lines and their correlation with the presence of ras mutations and clinical features. Oncogene 1992;7:171, and D'Amico D, Carbone D, 
Mitsudomi T, et al. High frequency of somatically acquired p53 mutations in small cell lung cancer cell lines and tumors. Oncogene 1992;7:339, with permission.)

Cigarette smoke is the greatest risk factor for lung cancer, accounting for approximately 85% of cases, and contains polycyclic aromatic hydrocarbons and 
nitrosamines.125 These compounds are metabolically hydrolyzed, resulting in the formation of benzo[a]pyrene, a potent carcinogen and mutagen that can form 
adducts on DNA that manifest as G-to-T transitions in DNA (see also Chapter 3). In smokers with lung cancer, codons 157, 158, 179, 248, 249, and 273 of the p53 
gene are the most commonly mutated.19 Interestingly, benzo[a]pyrene diol epoxide (BPDE), when added to cells in culture, preferentially forms covalent adducts to the 
guanine residues at codons 157, 248, and 273, precisely the hotspot mutations observed in smokers with lung cancer. 18 Also interestingly, the mutation spectrum 
observed in colon cancer, a tumor not strongly associated with polycyclic aromatic hydrocarbons, is predominantly G to A, and the hotspots differ, with colon cancer 
having a strong predominance at codon 175. The mutational spectrum of the p53 gene in nonsmokers with lung cancer differs from that observed in smokers as well. 
For nonsmokers, codons 179 and 249 are hotspots for mutations, and nonsmokers generally have fewer G-to-T transitions and more G-to-C transversions. 19 These 
observations suggest that exposure to certain mutagens can lead to specific mutations in the p53 gene.

At least two known homologues to p53 are present in the human genome, but abnormalities in the known p53 homologues are uncommon in human tumors. A few 
mutations have been observed in one of them, known as p73, in cell lines containing mutant p53. 126 A recent report has also found a single, apparently functionally 
significant mutation in 80 tumors examined for abnormalities in a new p53 homologue, p51A/TAp63 gamma. 127

INHERITED LESIONS OF P53 AND LUNG CANCER

Inherited lesions of p53 lead to the Li-Fraumeni syndrome, and affected individuals have a greatly increased risk of brain and breast tumors, as well as soft tissue 
sarcomas. Lung cancer is also found in these families, although it is such a common malignancy that increased predisposition is not apparent. Transgenic mice that 
have a mutant p53 expressed in every cell in their bodies develop a high incidence of tumors, 128 as do mice that have a homozygous deletion of p53,129 although both 
are viable. Neither of these strains of mice exhibit a high incidence of lung cancer. Among known Li-Fraumeni families few cases of lung cancer are reported, with a 
recent series reporting 81 breast cancers, 25 brain tumors, 19 bone tumors, 18 sarcomas, and only 8 lung cancers in 91 families. 130

A known polymorphism at codon 72 in p53 (Arg versus Pro) has been associated with alterations in lung cancer risk, 131 with the Pro/Pro genotype associated with 
increased risk. Nonsmoker lung cancer patients had a significant excess of Arg/Arg homozygotes in another study. 132 Several studies have recently looked at whether 
apparent familial clustering of lung cancer cases might be associated with otherwise unrecognized inherited mutations of p53. In a study of 64 lung cancer patients 
with early-onset tumors or affected first-degree relatives, one family was found to have an inherited mutation at codon 235, and no increased frequency of the codon 
72 Pro/Pro genotype was observed.133 In another study, of 1,068 families of patients with lung cancer, only 4 had more than three relatives affected. Two successive 
generations were affected in 36 families, and one family had Li-Fraumeni syndrome. 134 Thus although p53 mutations are common in lung cancer, having an inherited 
p53 mutation does not seem to dramatically increase the lung cancer risk, relative to other cancer types. This correlation is likely to be caused by the relatively late 
role of p53 in lung cancer carcinogenesis.

P53 IN PRENEOPLASIA

p53 overexpression has been observed in preneoplastic epithelium adjacent to overt lung cancers (see also Chapter 23).135,136 Most studies indicate that in the 
development of squamous cell lung cancer, loss of heterozygosity at 17p (suggesting loss of wild-type p53 function) occurs at the transition of preneoplasia to 
carcinoma in situ.137 With the advent of polymerase chain reaction-based detection of mutations in p53, it has become possible to analyze ever-decreasing amounts of 
tissue for abnormalities in oncogenes possibly allowing molecular early detection of lung cancer. Sidransky et al. have detected oncogene mutations in pulmonary 
cytological specimens.138,139 Unfortunately, these assays require prior knowledge of the precise location of the mutation, which eliminates most of its usefulness as a 
screening procedure for p53, unless complex banks of oligonucleotide probes are used. However, molecular detection of residual disease at surgical margins would 
be feasible with this approach. A recent study of the lungs of a smoker without lung cancer showed a single mutant p53 gene present at seven of ten sites sampled 
from widely dispersed areas of both lungs. 140 This finding suggested to the authors that a single progenitor bronchial epithelial cell clone harboring a p53 mutation 
had spread to distant sites within the bronchial tree. If this phenomenon is common, then sputum, or perhaps even something as simple as a buccal wash, could be 
used to detect occult genetic damage leading to upper aerodigestive malignancies in presymptomatic populations. Studies of allele loss, gene mutation, and other 
genetic abnormalities in preneoplastic tissues are underway toward that end.

PROGNOSTIC SIGNIFICANCE OF P53 MUTATIONS IN LUNG CANCER

The prognostic significance of p53 mutations in lung cancer is controversial, and the answer may depend on the precise technique used to assay for it and the patient 
population selected. In SCLC, such a study would be difficult because as almost all SCLC have p53 mutations. In NSCLC, however, many groups have studied this 
problem. Horio et al. analyzed resected Japanese lung cancer cases and found adverse prognostic significance, especially in early-stage tumors. 141 Other groups 
have evaluated the prognostic significance of p53 abnormalities as measured by immunohistochemical analysis. An early report found a highly significant adverse 
effect on survival,142 and another report the same year found no effect whatsoever,143 using similar numbers of patients from the United States and England, 
respectively. In fact, another group found that extremely high p53 protein expression was associated with a favorable prognosis. 144 One study to evaluate both gene 
mutations and immunostaining on the same group of patients found no prognostic significance to mutations in the gene, but a modest adverse prognosis to p53 
overexpression.145

Recently, several large studies have been published (see also Chapter 33). D'Amico et al. published on 408 consecutive resected stage I NSCLC patients and 
showed a modest adverse prognostic impact of p53 overexpression (RR1.68, p = 0,004. 146 An even larger study of 515 resected stage I NSCLC showed no difference 
in survival for p53 positive immunostaining, 147 but rather that the pathologic T-stage was the only important factor. In summary, the isolated impact of having a mutant 
p53 or p53 overexpression on time to recurrence or overall survival in lung cancer is unclear and probably not clinically significant.

P53 STATUS AS A PREDICTOR OF CLINICAL RESPONSE TO CHEMOTHERAPY AND RADIATION

The previous studies evaluated stage I patients treated with surgery alone for overall survival. When stage I lung cancer recurs, the second-line treatment modalities 
vary widely, and time to death is often short. In addition, the general efficacy of therapy in this setting is limited. Thus if p53 had an effect on whether patients 
responded to radiation or chemotherapy, it might not be detected unless it is specifically evaluated. Several studies have attempted to evaluate this relationship.

Stage III NSCLC is often given initial chemotherapy or chemoradiation therapy, and several studies have evaluated these tumors for p53 status in relation to 
response. In one study, 52 patients with stage IIIA NSCLC were evaluated for p53 expression and response to cisplatin-based induction chemotherapy. High levels of 



p53 expression were found to be predictive for lack of pathologic response at the time of surgery. 148 Interestingly, no correlation existed with clinical response 
assessed radiographically. Other studies have found positive immunostaining to be predictive of resistance. 149 In one of these studies a cohort of stage III patients 
were analyzed for both p53 mutations and immunohistochemistry,150 and a normal p53 genotype was found to be highly predictive of response to chemotherapy (p < 
0.001). No association of response was found with immunohistochemistry, but surprisingly, no association was found between genotype and immunohistochemistry. 
Because most studies find at least a good correlation between mutations and immunostaining, 145 the immunostain results of this study are questionable.

Response to radiation therapy has also been analyzed. In a group of 34 NSCLC patients with recurrent disease treated with radiation therapy alone, p53 gene 
sequence abnormalities significantly predicted resistance to treatment (15% response vs. 62% response). 151 When stage III patients are treated with radiation alone, 
a significant correlation has been observed between lack of p53 immunostain positivitity and both response and survival. 152

Thus the response of clinical lung cancers to chemotherapy or radiation appears worse in the presence of a mutation in p53; however, larger prospective studies 
specifically addressing this issue are needed to confirm these data. If confirmed, p53 status could potentially be used to select the subset of lung cancers most likely 
to benefit from nonsurgical interventions and to allow those patients with a small potential benefit to avoid the toxicity of treatment.

ANTI-P53 IMMUNE RESPONSES IN LUNG CANCER PATIENTS

Lung cancer patients sometimes spontaneously make antibodies in their serum that react specifically with p53. 153 We found that 13% of lung cancer patients (but 
none of the controls) had such naturally occurring antibodies. All patients with antibodies had missense mutations of p53 in their tumors and had detectable levels of 
protein by ELISA.153 None of these antibodies were mutant-specific on Western blot, indicating that they are detecting a conformational epitope rather than the actual 
altered amino acid sequence. Subsequent studies have confirmed these findings, including a recent study of 188 resected NSCLC patients, 38 of whom had 
detectable anti-p53 antibodies. 154 No relationship existed between antibodies and survival in the subset of 171 patients resected with curative intent. Other studies 
have evaluated the correlation of anti-p53 antibodies with survival and reported that it was a favorable predictor of survival after radiation therapy 155 or an adverse 
prognostic factor in the subset of tumors overexpressing p53. 156 Antibodies are consistently reported to be more prevalent in large cell and squamous cell than in 
adenocarcinomas.157 In SCLC, a study of 170 patients reported an incidence of 16% and no prognostic impact. 158

The development of antibodies to p53 when tumors express mutant p53 suggests that antigen presentation to the humoral immune system may indeed depend on the 
presence of particular protein abnormalities commonly associated with cancer. Antibodies to other proteins such as HuD in lung cancer patients lead to the 
autoimmune paraneoplastic syndromes,159 but no such syndrome has been identified for p53. Antibody development has even been reported to be detectable before 
the development of clinically apparent cancer, 160 but its low frequency limits its usefulness as a screening marker. Correlation with the ability to bind to hsp70 has 
been described in cases of breast cancer, 161 implicating hsp70 in the antigenic presentation of p53 to the humoral immune system. The significance of these 
antibodies in a host antitumor immune response and their association with outcome is unknown.

Antibodies can only detect surface proteins in intact cells, but the cellular immune system, and MHC class I-restricted cytotoxic T lymphocytes in particular, can 
readily detect single amino acid missense substitutions in intracellular and even intranuclear proteins. 162 It has recently been shown that mutant p53-specific cylotoxic 
T lymphocytes (CTL) can be generated by mutant oncopeptide vaccination, and that these CTL can kill tumor cells that endogenously present the intact mutant 
p53.163,164,165 and 166 Effective p53-specific immunity can also be induced using a recombinant adenovirus to overexpress wild-type p53 in dendritic cells. 167 We have 
also recently shown that we can detect these responses in cancer patients and induce them with peptide vaccination. 168 The therapeutic potential of these 
p53-specific CTL remains to be determined (see also Chapter 16).

THERAPEUTIC POTENTIAL FOR P53 GENE THERAPY AND P53-TARGETED SMALL MOLECULES

As discussed previously, expression of wild-type p53 has been shown to result in growth arrest or death of lung cancer cell lines. For example, the H358 lung cancer 
cell line contains a homozygous deletion of the p53 gene and thus expresses no p53 protein at all. When expression vectors containing mutant p53 were transfected 
into this cell line, many stable transfectants that expressed the mutant protein were observed. However, when wild-type p53 was transfected, many fewer clones were 
isolated, and none of those expressed the normal p53 protein. 169 In contrast, in another tumor expressing a dominant mutant p53, decreased numbers of colonies 
were found, but stable co-expression was observed. This finding suggests that despite the multiple genetic abnormalities associated with lung cancer, expression of 
normal p53 protein can inhibit tumor cell growth. Both retroviruses and adenoviruses have been used in animal models 170,171 and humans172,173 to deliver wild-type p53 
for therapy, and these applications are discussed in more detail elsewhere in this book.

Another interesting potential therapeutic approach was suggested by the fact that a subset of p53 mutations are “conditionally mutant.” For example, the 
temperature-sensitive mutation Val-135, which is biochemically mutant at 37.5°C but wild-type at 32.5°C. 174 Similar mutants have been found in human lung cancer.175

 Subsequently, certain antibodies were shown to cause this conformational shift, and the activity of p53 was found to be regulated by phosphorylation as described 
previously. These facts suggest, at least in a subset of mutant p53 molecules expressed in tumors, that it may be possible to switch p53 from a mutant to a wild-type 
conformation pharmacologically with therapeutic intent. These strategies are currently under investigation.

CONCLUSION

p53 is often mutated in the process of lung tumor development, and recent studies are beginning to clarify its role in normal and tumor cell physiology. Knowledge of 
these lesions in clinical samples is beginning to be used for genetic counseling, early and more accurate diagnoses, prognoses, and detection of residual disease. 
Therapeutic strategies or drugs that can directly affect mutant p53 function may ultimately allow more effective and more tumor-specific treatments of lung cancer 
patients.
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GENETIC BASIS OF CANCER

Cancer is a genetic disease that results from multiple genomic changes. These changes ultimately lead to the deregulation of the cell cycle machinery and to 
autonomous cell proliferation. Neoplastic transformation involves four sets of genes: (a) oncogenes; (b) tumor-suppressor genes; (c) mutator genes; and (d) apoptotic 
genes. In the hematopoietic system, the first step in oncogenesis is the activation of an oncogene, which may then be followed by the activation of an additional 
oncogene and/or the loss of function of a tumor-suppressor gene. The activation of oncogenes may play a predominant role in the formation of sarcomas as well. 
Tumors of both the hematopoietic system and soft tissues exhibit a karyotype close to normal. On the other hand, carcinomas, the most prevalent forms of cancer, are 
predominantly caused by the loss of function of tumor-suppressor genes with multiple sites of loss of heterozygosity (LOH), and they have dramatic alterations in the 
karyotype.1

The discovery of tumor-suppressor genes revolutionized the field of cancer research and of cell cycle molecular biology. According to Knudson's “two-hit” hypothesis, 2

 the development of several human cancers is thought to involve LOH of putative tumor-suppressor genes, several of which are not yet identified. Many forms of 
malignancies have been linked to mutations in the retinoblastoma-susceptibility gene ( RB), the first tumor-suppressor gene identified. RB provides a link among the 
cell cycle machinery, the G1/S cyclins, and cyclin-dependent kinases (Cdks), and the transcription of genes necessary for entry into S-phase. Another tumor 
suppressor, p53, is found mutated in more than 50% of human tumors.3 Both tumor-suppressor genes, RB and p53, are negative regulators of the cell cycle and are 
involved in growth arrest. p53 is also implicated in the recognition and repair of DNA damage, as well as in the induction of programmed cell death, apoptosis. 
Recently, it has become increasingly clear that these two proteins interact with each other through various pathways in order to exert their effects on cellular events.

THE CELL CYCLE CLOCK

The mammalian cell cycle machinery involves the formation, activation, inactivation, and degradation of sequential complexes of cyclins with Cdks. This process is 
governed by positive and negative feedback regulations at various critical transition points to ensure that the necessary molecular events occur in each phase of the 
cell cycle prior to progression to the next stage. Uncoupling of this intricately controlled regulatory process often results in cellular transformation and oncogenesis.

Disruptions in the cell cycle machinery are implicated in the development of certain cancers. Cyclins are cell cycle regulators first identified in marine embryos and 
named for their cyclical accumulation and degradation at each stage of the cell cycle.

In humans the overexpression of certain G1 cyclins is associated with oncogenesis. Hepatitis B viral integration into the cyclin A gene is found in some cases of 
hepatocellular carcinoma. 4 Elevated levels of cyclin A are also correlated with hematologic malignancies. 5 Gene derangement and aberrant expression of cyclins are 
reported in breast, esophageal, and skin malignancies. 6,7 and 8 The candidate oncogene, PRAD1, found to be overexpressed and rearranged in parathyroid tumors, 
actually encodes for the cyclin D1. 9 Certain colorectal cancer cell lines have amplifications of cyclin D2 and cyclin E. 10 Unregulated, persistent expression of cyclins 
D1 and D3 are found in various human tumor cell lines, 11 and an overabundance of cyclin D3 expression is detected in subsets of breast tumors and lymphomas. 12 
The transforming protein E1A, from a DNA oncovirus, associates with cyclin A in adenovirus-transformed cells. 13,14 This association is the first evidence for the linkage 
between the cell cycle and the process of neoplastic transformation. The binding of E1A may promote cellular proliferation by disrupting the normal interaction 
between cyclin A and the E2F/DRTF1 transcription factor. 15 DNA oncoviruses, via their oncoproteins targeting key regulatory and proliferative proteins of the cell 
cycle, serve as valuable tools in the attempt to elucidate the complex mechanisms governing the cell cycle machinery.

It is well established that p34 cdc2 protein kinase plays an important role in the regulation of the cell division cycle. In fission yeast, cdc2 function is required at two 
points of the cell division cycle: prior to the initiation of DNA replication and at the time of initiation of mitosis. In Xenopus the cdc2 gene product has been identified as 
a component of M-phase promoting factor (MPF), a factor that causes an interphase cell to enter mitosis; other components include the product of the Suc1 gene and 
p62, homologous to the human cyclin B gene. The MPF complex also acts as a histone H1 kinase that is maximally active at mitotic metaphase. In mammalian cells 
the cdc2 kinase is required for mitosis and for the transition from G1 to S-phase (DNA replication). 16 At least two complexes of mammalian p34cdc2 have been 
identified, the p62 (cyclin B)-p34 cdc2 complex and the p60 (cyclin A)-p34cdc2 complex.13,17 The p60 (cyclin A)-p34cdc2 complex also displays a cell cycle–dependent 
histone H1 kinase activity, but it shifts the timing of maximal activity to interphase. 13 Another complex has been identified between p50 (cyclin E) and Cdk2, a member 
of the extended cdc2-related protein family. 18 These three complexes (cyclin B–Cdc2; cyclin A–Cdc2; cyclin E–Cdk2) display a cell cycle–dependent histone H1 
kinase activity that has different timings of activation during the cell division cycle. 13,17,18

G1-Phase

Throughout the G1 phase of the cell cycle, growth factors exhibit their effects by binding to specific surface receptors. This process leads to the activation of signaling 
cascades that control the transcription of immediate and delayed early-response genes. Even within cells that ultimately undergo divergent long-term responses, 
many of the same intracellular signaling molecules exhibit uniform activation. Withdrawal of growth factors in mammalian cells leads to arrest of the cells in early G1 
into what is known as the G0-phase. In order for cells to reenter the cell cycle from quiescence, the Cdk complexes in the cells must be activated ( Figure 7.1). 
Activation of the Cdk complexes requires the aggregation of cyclins and Cdk subunits, the derangement of inhibitory molecules such as p15, p16, p21, and 
p2719,20,21,22 and 23 from the Cdk complexes, and phosphorylation by the Cdk-activating kinase (CAK). 24,25 and 26 The cyclins involved in G1 of mammalian cells include 
cyclins C, D, and E. In yeast these cyclins are encoded by CLN genes whose protein products regulate cdc2 activity at START, the point at which a cell commits to 
DNA replication.27 Neither cyclin A nor B is available prior to S-phase. Throughout the cell cycle, cyclin C levels do not oscillate very much, exhibiting only a slight 
increase in early G1. However, this invariability is not the case for cyclin E, which has periodic expression and peaks at the G1/S transition, suggesting a possible role 
for it in the regulation of S-phase entry. 18,28



FIGURE 7.1. Schematic diagram of the cell cycle clock. (From “neoplastic transformation: oncogenes, tumor suppressors, cyclins, and cyclin-dependent kinases” by 
Candace M. Howard and Antonio Giordano in Hormones and Cancer 1996, Birkhaäuser Boston, with permission).

There are three D-type cyclins, which vary in their relative levels among cell types. 29 Following serum addition to quiescent cells, D-type cyclins are induced. 
Subsequent induction and maintenance of D-type cyclin mRNAs depend on the presence of growth factors. 30,31 The D-type cyclins pose a possible link among cell 
cycle, signal transduction, and oncogenesis because the overexpression of cyclin D1 has been found in some tumors. The D-type cyclins have been shown to 
associate with four members of the Cdk protein family, Cdk2, 4, 5, and 6; however, the major catalytic partners of the D-type cyclins are Cdk4 and Cdk6. 31,32 Similar to 
all nascent cyclin–Cdk complexes, those containing cyclin D become activated only when phosphorylated by Cdk-activating kinase (CAK). In mammalian cells CAK 
has recently been shown to complex with cyclin H (thus termed Cdk7) and then to phosphorylate and activate Cdk2, Cdc2, and Cdk4 complexes. 24,25 Depletion of CAK 
from the cell lysates prevents the activation of cyclin–D-Cdk4 complexes. 25 This reaction demonstrates that the CAK protein is a necessary component of the 
Cdk4-activation kinase.

The three D-type cyclins may not be functionally equivalent because cyclin D1 forms a much less stable complex with pRb than either cyclins D2 or D3. 32,33 and 34 
Unlike cyclin E or A, the D-type cyclins share the sequence Leu-X-Cys-X-Glu (LXCXE) near their amino-termini with the DNA viral oncoproteins, which bind pRb and 
pRb-related p107. Point mutations within this region disrupt the ability of D-type cyclins to bind to pRb and to p107 in vitro; thus, D-type cyclins can be more effectively 
complexed by oncoprotein-derived peptides containing the LXCXE residues. 34,35 Additional evidence of the possible functional divergence among the D-type cyclins 
comes from the observation that the overexpression of cyclins D2 and D3 in hematopoietic cell lines inhibits differentiation of granulocytes; however, overexpression 
of cyclin D1, which is not a normal constituent of these cells, does not affect their differentiation. 32 The effects of the D-type cyclins are cell type specific because in 
some cell types their overexpression results in an enhanced capacity of the cells to enter S-phase and lowers the cells' requirements for growth factors. 36,37

Microinjection of antisense plasmids or antibodies of cyclin D1 during mid-G1 into quiescent fibroblasts is inhibitory to cell cycle progression upon serum stimulation, 
but it is ineffectual when administered near the G1/S boundary. 38 This relationship indicates a functional role for the D-type cyclins occurring after the G0/G1 
transition. Recent studies have pointed to the possible necessity of down-regulation of cyclin D1 levels and/or their removal from the nucleus at the end of G1, which 
more precisely delineates the timing of the functional activity of the D-type cyclins. This conjecture originates from the findings that as cells enter S-phase, cyclin D1 
vanishes from the nucleus and the total concentration of the protein markedly decreases. 38 This notion is also supported by the observation that the ectopic 
expression of cyclin D1 arrests fibroblasts prior to entering S-phase and prevents their repair of damaged DNA. 39 When pRb becomes hyperphosphorylated by Cdk4, 
complexes between pRb and cyclin D2 and D3 become destabilized. However, this disruption may be overridden by the expression of a kinase-defective Cdk4 mutant 
instead of the wild type, and stable ternary complexes are formed once again. 33 This resolution suggests that the D-type cyclins may serve as multifunctional 
regulators by also targeting Cdk4 and other partners to specific substrates.

The D-type cyclins as well as their Cdk partners associate with proliferating cell nuclear antigen (PCNA), the auxiliary subunit of DNA polymerase delta, and with a 21 
kD protein, p21.40 As a subunit of DNA polymerase delta, PCNA is involved in DNA replication and excision repair. 41,42 The D-type cyclins, along with cyclins E and A, 
are implicated in the regulation of DNA replication. PCNA is not a phosphoprotein; however, other proteins present at replication origins are Cdk substrates. 43 The 
polypeptide p16, a Cdk inhibitor, binds Cdk4, resulting in destabilization of cyclin D complex formation and thus halting Cdk4 activity. The presence of p16 prevents 
the phosphorylation of pRb by the Cdk4–cyclin D complex that prevents the stimulation of releasing factors that would otherwise turn on DNA transcription and/or 
replication. This autoregulatory loop (as depicted in Figure 7.2) then comes full circle as the inactivation of pRb leads to the enhanced expression of p16 as cells 
approach S-phase.

FIGURE 7.2. A schematic representation of the pRb regulatory loop.

Current evidence indicates that the D-type cyclins serve primarily as stimulants for the progression through the G1 stage of the cell cycle instead of as promoters of 
the G1/S transition. This concept is supported by the timing of D-type cyclins accumulation in relation to cyclin E. In cells of nonlymphoid origin, prior to the arrival of 
cyclin E, both cyclin D1 and Cdk4 amass in mid-G1. Cyclin D2 and its associated kinases, Cdk4 and Cdk6, accumulate early in G1 in stimulated human T 
lymphocytes.30,44,45,46 and 47

Cyclin D3 follows D1 and D2 in its appearance. 44,48,49 Most important, removal of growth factors from macrophages in S-phase results in a rapid decrease in cyclin 
D1–Cdk4 complexes; however, the cells are still capable of the completion of S-phase and division. 30 The importance of the timing of the microinjection of antisense 
constructs or antibodies to cyclin D1 early in G1 in order to elicit an inhibitory effect, as mentioned earlier, also lends further credence to the notion that the D-type 
cyclins are stimulants for the progression through the G1 phase, rather than promoters of the G1/S transition.

The G1/S Transition

The rate-limiting factor involved in the G1/S transition is hypothesized to be cyclin E ( Figure 7.1). Cyclin E associates primarily with Cdk2.18 Currently, the precise 
mechanisms involved in the inactivation of cyclin E are unclear. The short half-life of the protein is thought to be mediated by its PEST sequences 28,50 because the 
removal of such sequences from yeast G1 cyclins increases their half-life. 51 In human foreskin fibroblasts and in Rat-1 cells the stable, ectopic overexpression of 
human cyclin E has been found to shorten their G1 interval, to decrease cell size, and to reduce their serum dependence for accomplishing the transition from G1 to 
S-phase without altering the generation time. Thus the shortened G1 interval is accompanied by lengthened S and G2 phases. The reduction in cell size suggests 
that the cell size may depend more on G1 cyclin levels than on the length of the cell cycle. Stepwise withdrawal of serum from the cells slowed the rate of decline in 
their S-phase fraction and created a less profound lengthening of their G1 interval. The generation times of the cyclin E overexpressors and the control group 



increase in parallel, and both growth arrest in 0.1% serum. 52,53 This finding means that cyclin E does not induce cell transformation and further, that overexpression of 
cyclin E retains the requirement for serum-dependent signals to continue cellular proliferation. Thus this study demonstrates that cyclin synthesis in mammalian cells 
is rate limiting for the G1/S transition. Possible oncogenic properties for cyclin E have been uncovered by the discovery of cyclin E overexpression in breast cancer 
resulting from a gene rearrangement.54

S-phase

Entry into S-phase does not depend on the presence of cyclins A or B. 55 The initiation of DNA replication, conversely, depends on the presence of functional cyclin 
A,56 and a disruption of cyclin A function may upset the normal timely sequential relationship between the S and M phases. 57 Both cyclins A and B are first 
synthesized after the start of S-phase, and the synthesis and destruction of cyclin A occurs prior to that of cyclin B. 14,58 In humans, cyclin A localizes to the nucleus in 
interphase and is first detected near the G1/S transition, whereas cyclin B accumulates in the cytoplasm and does not enter the nucleus until just before the 
breakdown of the nuclear membrane.14

Progression through S-phase depends on the presence of cyclin A as shown by studies where the functional knockout of cyclin A–associated kinase activity, either by 
expression of plasmids encoding antisense cyclin A mRNA or by injection of anti–cyclin A antibodies, halts mammalian fibroblasts progression into S-phase. 56,59,60 The 
localization of the Cdk2–cyclin A complex to DNA replication foci by immunofluorescence, 61 and the demonstration of its ability to phosphorylate the p34 subunit of the 
DNA single-strand-binding protein, RPA p34, 62 illustrates the direct involvement of the Cdk2–cyclin A complex in DNA replication. A model has been proposed that 
implicates the cyclin A–Cdk2 complex and RPA p34 in playing an integral role in the DNA re-replication block that limits DNA synthesis to only one round of 
replication.61 In this model, RPA p34, which is bound to DNA in G1-phase, is dissociated from the DNA and is translocated to the cytoplasm following phosphorylation 
by cyclin A–Cdk2. Within the cytoplasm, phosphatases may act on p34. As the activity of the cyclin A–Cdk2 complexes decreases in early G2, hypophosphorylated 
RPA p34 may regain its ability to bind DNA and signal the cell that the DNA has replicated and inhibits further DNA synthesis until the activation of Cdk2–cyclin A 
complexes in the next cycle, thus preventing endoreduplication.

Cyclin A–Cdk2 as well as cyclin E–Cdk2 associated subunits are able to form higher order complexes with pRb, p107 (Rb-related), and the transcription factor E2F. 
Such dynamic associations infer that Cdk2 may be functioning on a secondary level as a temporal regulator of gene transcription during the G1 and S phases of the 
cell cycle,63 depending on which complexes it forms.

Mitosis

Cyclin B bound to p34cdc2 is linked to entry of the cell into the mitotic phase; however, the complex is present throughout the S and G2 phases ( Figure 7.2). 
Hyperphosphorylation of the cyclin B–Cdc2 complex at Thr-14 and Tyr-15 within the p34 cdc2 ATP-binding site inactivates the kinase to allow normal progression of the 
cell through the S and G2 phases. Dephosphorylation of the previously mentioned residues by the appropriate phosphatases and phosphorylation of the p34 cdc2 at 
Thr-161 (thought to stabilize cyclin B binding) lead to activation of the p34 cdc2 kinase and stimulate entry into mitosis.64 Recent evidence, however, shows that the 
Thr-161 phosphorylation of p34cdc2 kinase has no effect on cyclin B binding ability, leaving the biologic significance of this event undefined. 65 This process does 
exhibit negative regulation in some systems. Unreplicated DNA in Xenopus egg extracts blocks the activation of the cyclin B–cdc2 complex by preventing the removal 
of the phosphates from the inhibitory sites in cdc2 (Tyr-15 and Thr-14). The inhibition of the cdc2 kinase occurs by the activation of the Wee1-Mik-1–related protein 
kinases that phosphorylate these residues. 66 Following successful DNA replication and progression past the G2/M transition, the cell divides and is able to exit mitosis 
by the abrupt degradation of cyclin B through ubiquitin mediation in anaphase. This process releases the p34 cdc2 as a monomer, which is subsequently inactivated.64

CDK INHIBITORS

One of the most exciting findings in the area of the cell cycle and its connection to tumorigenesis has been the isolation of a family of small cyclin–Cdk inhibitor 
proteins. This discovery has uncovered an additional layer of regulation to the cell cycle machinery.

p27KIP1

Cells are arrested in late G1 by inhibitors, transforming growth factor beta (TGF-b) prior to the phosphorylation of the retinoblastoma protein. 67 TGF-b inhibits the 
expression of Cdk4 in G1 while having no such effect on cyclin D; however, this inhibition blocks the activation of the cyclin D–Cdk4 complex Figure 7.368 Because 
overexpression of Cdk4 in TGF-b–responsive cells negates the TGF-b block of the cell cycle, this relationship suggests that the inhibition of Cdk4 expression is an 
important event in TGF-b–mediated cell cycle arrest. TGF-b has no effect on the expression levels of cyclin E or Cdk2; however, active cyclin E–Cdk2 complexes fail 
to form in cells treated with TGF-b.69

FIGURE 7.3. A model of the actions of the growth inhibitor transforming factor (TGF-b). TGF-b inhibits the expression of Cdk4 in the G1-phase of the cell cycle, 
leading to a decrease in the number of cyclin D–Cdk4 complexes. Because the majority of the Cdk-inhibitor p27 in cycling cells is found juxtaposed in the cyclin 
D–Cdk4 complexes, this results in an indirect induction of p27. The association of p27 with newly formed cyclin E–Cdk2 complexes inhibits their activation by CAK. 
The suppression and inhibition of cyclin D–Cdk4 and cyclin E–Cdk2 prevents the phosphorylation of pRb and the release of the E2F transcription factor required for 
the progression into S-phase. pRb is also able to bind and enhance the transcription factor ATF-2, which is thought to be involved in the expression of TGF-b, thus 
serving as a positive feedback loop for the G1 growth arrest.

The TGF-b–mediated cell cycle arrest involves the indirect induction of an inhibitor of cyclin–Cdk complexes, p27 KIP1, which has recently been cloned.20,22 The 
majority of p27 found in cycling cells is juxtaposed in the cyclin D–Cdk4 complexes ( Figure 7.1).68 TGF-b does not induce the transcription of p27. 20 Rather, by 
repressing the synthesis of Cdk4, TGF-b reduces the number of cyclin D–Cdk4 complexes, which then possibly frees p27 to inhibit other Cdks. The inactive form of 
cyclin E–Cdk2 in TGF-b–treated cells is found to complex with p27. 20,69

Newly formed complexes of cyclin E–Cdk2 are activated by phosphorylation of Cdk2 on the residue Thr-160 by the activation enzyme CAK; however, the association 
of p27 to these new cyclin E–Cdk2 complexes effectively inhibits CAK and thus blocks the activation of the new complexes. 21 Both events, the decrease in the number 
of the cyclin D–Cdk4 complexes and the inactivation of the cyclin E–Cdk2 complexes, block the phosphorylation of not only pRb but also other regulatory factors by 
cyclin–Cdks that are necessary events for the transition of cells into S-phase.

The G1-specific cyclin–CDK inhibitor, p27 KIP1, is subject to various levels of translational and postranslational regulation, which include phosphorylation, noncovalent 
sequestration, and the ubiquitin-proteasome pathway. In S-phase, the abundance of p27 is regulated predominantly by specific proteolysis of the protein by the 
ubiquitin-proteasome pathway.70 While in quiescent cells (GO), the accumulation of p27 is caused by an increase in the synthesis rate of p27 resulting from an 
enhancement in the amount of p27 mRNA associated in polyribosomes.71 The complexity of the regulation of p27 increases considering that p27 also serves as a 



substrate for the cyclin E–Cdk2 kinase, whose activity p27 inhibits. 72 A kinetic model has been proposed where the binding of ATP to the Cdk determines whether p27 
acts as a negative regulator of the cyclin–Cdk complex (low ATP concentrations, <50 mM) or as a substrate (higher ATP concentrations > mM). 72 Cyclin E–Cdk2 
specifically phosphorylates p27 on threonine-187, which is a conserved C-terminal Cdk target site (TPKK). 72,73 and 74 Mutational analysis has shown that the selective 
degradation of p27 by the proteasome pathway depends on the association of p27 with active cyclin E–Cdk2 and subsequent phosphorylation by Cdk2 on the TPKK 
site.74

Because p27 is targeted by the adenovirus E1A oncoprotein, 75 the human papillomavirus E7 oncoprotein dissociates p27 from cyclin–Cdk complexes, 76 p27-deficient 
mice develop tumors of the pituitary gland with 100% penetrance, 77,78 and overexpression of p27 using a recombinant adenoviral vector triggers apoptosis in several 
different human cancer cell lines; 79 p27 is thought to be involved in neoplastic transformation. However, studies examining the genomic structure of p27 in cancer cell 
lines and primary human tumors have either failed to find abnormalities in the p27 KIP1 gene in a variety of cancers80 or have found p27 mutations to be rare. 81 The 
scarcity of p27 mutations found to date does not necessarily mean that this cell cycle regulatory protein is not involved in tumorigenesis, especially considering the 
complex levels of regulation of this protein. In fact, enhanced ubiquitin-proteasome–mediated degradation of p27 is found in aggressive colorectal carcinomas 82 and in 
NSCLC, where p27 is an independent prognostic factor correlating with the overall survival time of the patients. 83 In essence, functional inactivation of p27 is 
associated with tumorigenesis.

p21

Other mammalian Cdk inhibitors in addition to p27 have also been found, including p21, p16, p15, and p18 to name a few. In fact, p21 is the first Cdk inhibitor to be 
isolated, discovered simultaneously by several laboratories using various approaches, and has been termed Cip1, p21, p20 CAP1, Waf1, and Sdi1.84,85,86,87 and 88 The 
importance of p21 presently seems to lie in three areas: (a) the p21 gene is transcriptionally regulated by the tumor suppressor protein p53; 87 (b) p21 is a Cdk 
inhibitor,84,86 and (c) p21 may block the entry of senescent cells into the cell cycle. 88 In fact, p21 inactivation in normal diploid human fibroblasts by two sequential 
rounds of targeted homologous recombination renders cells capable of bypassing senescence. Cells lacking p21 fail to arrest the cell cycle in response to DNA 
damage at the checkpoint between the prereplicative phase of growth and the phase of chromosome replication; however, their apoptotic response and genomic 
stability are intact.89 Interestingly, p21 induction during initiation of terminal differentiation occurs in a p53-independent manner. 90 This independence hints to a more 
universal function for p21 in differentiation as well as growth control. The Cdk inhibitors p21 and p27 share 44% identity in their amino-terminal regions, and in vitro 
p27 is able to inhibit the same gamut of Cdks as p21. 21 Normal fibroblasts exhibit a wide range of cyclin–Cdk complexes associated with p21. Strong associations 
occur with cyclin D–Cdk4 and cyclin E–Cdk2 complexes in the G1/S transition, as well as to the cyclin A–Cdk2 complex during mitosis. 40,84,85,91 However, cyclin 
B–Cdc2 forms only a weak partnership with p21 in M phase. 40 The strength of association of the cyclin–Cdk complexes with p21 is directly proportional to the ability of 
p21 to inhibit their functions in vitro. In addition to exerting negative control of the G1/S-phase transition, p21 may play a role at the onset of mitosis. In 
nontransformed fibroblasts, near the G2/M-phase boundary, p21 transiently reaccumulates in the nucleus, concurrent with the nuclear translocation of cyclin B1, and 
associates with a fraction of cyclin A–Cdk and cyclin B1–Cdk2 complexes in normal fibroblasts. Premitotic nuclear accumulation of cyclin B1 is reduced or not 
detectable in cells that are nullizygous for p21 (p21-/-), cells such as fibroblasts transformed by the viral human papillomavirus type 16 E6 oncoprotein, which 
functionally inactivates p53, or tumor-derived cells with low p21 levels. Such cells exhibit accelerated entry into mitosis with concomitant higher levels of cyclin A- and 
cyclin B-associated kinase activities. This correlation suggests that p21 may aide the execution of late cell cycle checkpoint controls by promoting a transient interlude 
late in G2.92

In response to DNA damage, the expression levels of p53 dramatically increase, which leads to the transcriptional induction of DNA damage inducible genes. Within 
the promoter of the p21 gene are two consensus p53-binding sites. 87 Exposure of cells to DNA-damaging agents enhances transcription of p21, leading to the 
agglomeration of p21 in cyclin E–Cdk2 immune complexes. This reaction culminates in decreased kinase activity that is thought to mediate the G1 arrest of the cell 
cycle.93,94 This scenario only occurs if the cells have wild-type p53 (and fails with mutant p53), thus supporting the hypothesis that p21 is the primary mediator of 
p53-dependent G1 arrest. Ectopic overexpression of p21 alone in normal fibroblasts is also able to elicit growth arrest. 84,88 Basal levels of p21 may also depend on 
the functional activity of p53 because p21 is absent from the Cdk complexes of various transformed cell lines lacking an active p53. 40,87,93 To date p21 mutants have 
not yet been identified in human cancers, thus leading medical researchers to look for additional p53-inducible genes involved in growth regulation.

In addition to serving in DNA-damage checkpoint regulation by causing G1 arrest through the inhibition of Cdks, the p21 protein has also been implemented in the 
cells proofreading system during cellular replication to improve fidelity. PCNA enhances processivity of DNA polymerase delta (pol D) by forming a homotrimer that 
holds the complex of pol D with its replication factor C (RFC) to the DNA template to allow synthesis of both the leading and lagging strands of DNA. In vitro studies 
show that p21 can effectively associate with PCNA and block pol D–dependent DNA replication, which may be overcome only by the addition of PCNA. 95,96 p21 may 
be serving important functions in this manner. p21 may be acting to reduce the processivity of the lagging strand, which is desirable because the rate-limiting step 
here is the dissociation of the DNA polymerase at the end of the Okazaki fragment. By inhibiting the elongation step of polymerization. 96 p21 is effectively slowing the 
replicative process to allow for the proofreading mechanisms of the replicative machinery to correct any errors in replication. The in vivo verification of these results is 
still pending. Whether p21 is able to affect other functions of PCNA is not currently known. This relationship is of interest because PCNA is also involved in excision 
repair. Here, one may again hypothesize a role for p21 in decreasing the processivity of the DNA polymerase repair complex because this activity would be beneficial 
in filling the excision repair gaps. If this correlation is the case, eukaryotes would have another similarity with bacteria because bacteria alter the processivity of 
polymerase III by interactions with proteins, where eukaryotes were thought before to augment processivity only by the implementation of three different DNA 
polymerases. This new model calls for a higher order of regulation of processivity of DNA polymerase than once thought.

p16INK4

The Cdk inhibitor p16, also known as Multiple Tumor Suppressor 1 (MTS1), is implicated as a tumor-suppressor gene directly linked to the cell cycle. 97 In certain 
transformed cells lacking the normal components of the Cdk4 complexes, such as the D-type cyclins, PCNA, and sometimes p21, 40 Cdk6 is found in association with 
p16. Complex formation of p16 with Cdk4 is thought to block or upset the D-type cyclin association. 23 This dissociation contrasts with the inhibitory mechanisms 
employed by the Cdk inhibitors, p21 and p27. p16 is the first Cdk inhibitor where structural homologues such as MTS2 (p15) have been indicated. 97 Also, p16 seems 
to have a higher selectivity than the other two Cdk inhibitors because p16 appears to specifically inhibit the D-type Cdks, Cdk4 and Cdk6. These unique 
characteristics of p16 suggest that this protein may play a specialized and important role in growth regulation. In addition, the human p16 gene maps to chromosome 
9p21 (MTS1 locus), a region that is often deleted in gliomas and melanomas. 97,98 MTS1 is found homozygously deleted in cell lines derived from tumors of lung, 
breast, brain, bone, skin, bladder, kidney, ovary, and lymphocytes. In addition, nonsense, missense, or frameshift mutations are found in at least one copy of the gene 
in melanoma cell lines.97 However, only 10% to 20% of primary tumors demonstrate an alteration in the locus. 97,99

Direct evidence of the inhibitory ability of p16 on cell growth has been provided. Ectopic expression of p16 effectively blocks entry into S-phase of cells induced to 
proliferate by the H-ras oncogene and suppresses cellular transformation by oncogenic H- ras and Myc.100 As an inhibitor of G1 Cdks (Cdk4/6), p16 serves as an 
upstream regulator of the tumor-suppressor pRb as they cooperate through feedback mechanisms to regulate cell cycle progression. 101,102 Essentially, pRb becomes 
hyperphosphorylated by the D-type cyclin-associated kinases in late G1 and subsequently releases several active transcription factors that induce transcription of 
p16. As p16 expression reaches threshold levels, the kinase activity of Cdk4/6 is inhibited. Phosphatases then return pRb to its active hypophosphorylated form, 
allowing pRb to sequester the transcription factors and thereby down-regulate the p16 promoter to a basal transcription level ( Figure 7.2).101 Supporting this model, 
cells that are nullizygous for the RB gene (RB -/-) overexpress the p16 gene, which disrupts the formation of complexes between Cdk4/6 and the D-type cyclins 102 
such that no cyclin D–Cdk complexes are detectable.103 The dependence on endogenous wild-type pRb for ectopic expression of p16 or p16-related proteins p15 and 
p18, homologues of the cyclin D–Cdk 4 inhibitor p16 that form binary complexes in vitro and in vivo with Cdk4/6, to suppress cell growth also supports the idea that 
p16 and pRb are involved in the same pathway. 23,104

p15INK4b/MTS2

The TGF-b pathway also involves the induction of a Cdk-inhibitor, p15 INK4b/MTS2, a p16 homologue that also maps to the 9p21 locus. TGF-b transactivates p15, which 
inhibits the D-type–Cdk complexes (Cdk4/Cdk6).105 This reaction releases additional p27 to inhibit other Cdks and thus promotes cell cycle arrest. The p15 INK4b/MTS2 
gene is homozygously deleted in 20% of primary advanced head and neck squamous cell carcinomas. 106 Deletion of the p16/p15 locus (9p21) is common in 
NSCLC.107 In multiple myeloma, a high incidence of p16 and p15 alterations occur solely by hypermethylation of the 5' CpG islands, such that these alterations are 
the most common genetic abnormalities in this disease. Hypermethylation of p16/p15 is associated with blastic disease, whereas concomitant hypermethylation of 



both genes is related to development of plasmacytoma.108 Additionally, codeletion of p16 and p15 in pancreatic tumors is found often. 109

TUMOR SUPPRESSORS

The Retinoblastoma Protein (RB1)

The genetic characteristics and the epidemiologic studies of Knudson concerning familial and nonfamilial retinoblastoma led to the “Knudson Two-hit Hypothesis.” 
This hypothesis laid the groundwork for the discovery of tumor-suppressor genes and for a revolutionary new way of thinking about oncogenesis. Knudson concluded 
that the familial form of retinoblastoma results when an individual inherits a mutant (nonfunctional) allele from the affected parent, and the childhood tumor manifests 
when the wild-type (normal) allele of the same gene is functionally “knocked out” by a somatic event, resulting in LOH. The nonfamilial form of retinoblastoma requires 
two separate somatic mutations of both alleles of the gene and thus accounts for the sporadic nature of this form of retinoblastoma and its appearance later in life. 2 
Subsequent studies confirmed that all retinoblastomas carry mutations in both alleles of the same gene. Prior to this finding oncogenesis was thought to evolve by 
dominantly acting oncogenes, which could only occur by somatic mutations because the dominant oncogenic phenotype would result in the gestational death of the 
embryo if it were acquired from the germline. So, for the first time, a recessive mutation conferring an inherited increased risk of neoplasia could be envisioned. The 
finding of deletions on chromosome 13q14 in both familial and sporadic retinoblastomas 110,111 supported the Knudson hypothesis and lead to the eventual cloning of 
the first tumor-suppressor gene, the retinoblastoma gene, RB.112,113 and 114

The retinoblastoma gene encodes a 105 kDa protein product, pRb. The nuclear phosphoprotein, pRb, serves as a negative regulator of cell cycle progression, at least 
in some specific cell types. RB transcripts are present in all normal tissues examined. 114 In cell lines that lack a functional pRb protein, the restoration of pRb function, 
by either microinjection of the protein in early to mid-G1 or by transfection of the cDNA, arrests cell growth in the G1-phase of the cell cycle. 115,116 and 117 This inhibition 
of cell growth by pRb depends on the sequences necessary for the interaction of pRb with the transcription factor E2F, as well as a number of oncoproteins from 
human DNA viruses such as E1A, T antigen, and E7 (from adenovirus, simian virus 40 [SV40], and human papillomavirus, respectively). 118,119,120 and 121 Binding of pRb 
to this set of associated proteins occurs at a specific “pocket region” in pRb.

The “pocket region” of RB is also a common site of mutation in many human tumors, and it has been found altered or deleted in nearly all RB mutants from the tumors 
thus far examined.111,122 Inactivation of RB function involves various genetic lesions, including large-scale deletions and splicing mutations resulting in the deletion of 
an exon.123,124 Smaller deletions in the promoter region of RB and point mutations have also been found. 125,126 Genetic mutations in RB have been demonstrated in 
several human tumors such as osteosarcomas, bladder carcinomas, prostate carcinomas, breast carcinomas, small cell lung carcinomas, cervical carcinomas, and 
leukemias.127

pRb and the Cell Cycle

Posttranscriptional regulation of pRb involves changes in the phosphorylation state of pRb throughout the cell cycle. 128,129 During the G0 and G1 phases of the cell 
cycle, pRb is found in a hypophosphorylated form, which becomes increasingly phosphorylated on serine and threonine residues as the cell cycle progresses. The 
cell cycle–dependent phosphorylation of pRb may occur in several steps. In primary human T lymphocytes, pRb probably undergoes phosphorylation at discrete 
residues during three phases of the cell cycle: late G1, S-phase, and again, in G2/M. 128 All phosphorylations of pRb are on serine-threonine residues; to date, no 
evidence exists for phosphorylation on tyrosine residues in pRb. 129,130 As the cells emerge from mitosis and enter into the G1-phase again, or become senescent in 
G0, pRb is dephosphorylated back to its hypophosphorylated form, possibly by pp1 phosphatase. 131 The viral oncoproteins and the transcription factor E2F bind 
specifically to hypophosphorylated pRb. 118,119,120 and 121 Microinjection studies show that hypophosphorylated pRb is the physiologically active form; 115 it exhibits the 
growth-suppressive function that can be inactivated in G1 by phosphorylation or by dimerization with viral oncoproteins to allow DNA replication.

The specific kinase(s) responsible for the in vivo phosphorylation of pRb is/are currently not known. Several Cdks have been found in association with pRb in vivo in a 
region similar to “the pocket.” The A, B, D, and E Cdks as well as the recently discovered Cdc2-related kinase PITALRE (now known as Cdk9), 132 phosphorylate pRb 
in vitro.68,84,116,133,134 and 135 Considering the timing of phosphorylation of pRb, as well as the peak activity intervals of the Cdks and their interactive abilities, it seems 
plausible that pRb is phosphorylated by the D-type–dependent kinases in early G1, cyclin E–Cdk2 at the G1/S transition, and by the cyclin A–Cdc2 complex at the 
G2/M transition. After completion of the cell cycle, cells generated by the mitotic process again display hypophosphorylated pRb caused by specific phosphatase 
activities. The Cdk inhibitors further guarantee the stringent timing of the activity of the Cdk complexes on pRb. 136 Because Interleukin 2 is stimulatory and TGF-b is 
inhibitory to cyclin E–Cdk2 activity, this offers one possible route by which exogenous growth-regulatory signals influence pRb and the cell cycle machinery. 20,69

Phosphorylation of pRb by the D-type–dependent kinases may play a key role in overriding the G1 cell cycle arrest of pRb. Microinjection of cyclin D antibodies into 
RB +/+ cells but not into the RB -/- tumor cell line, SAOS-2 (human osteosarcoma), blocks entry into S-phase. 38 This reaction suggests that pRb may indeed be the 
key substrate for the D cyclins. Several cell lines harboring mutated, or pRb inactivated, by the expression of the oncoprotein SV40 large T antigen, exhibit an 
enhanced expression of the specific cyclin D–Cdk4 kinase inhibitor, p16. 23 Additionally, cell lines, which fail to express functional p16, are resistant to the 
growth-suppressive effects of ectopic pRb expression. 117 This resistance reflects the cooperative effort and codependence of p16 and pRb in regulating cell cycle 
progression, as shown in Figure 7.2.

pRb Cellular Targets

Functioning as a transcriptional regulator through the modulation of the activity of several transcription factors, pRb exerts its growth-suppressive effects. pRb binds 
directly to the transcription factor ATF-2 and enhances its activity. 137 ATF-2 is thought to be involved in the expression of TGF-b. In this example, pRb may actually 
upregulate the expression of TGF-b and thereby lead to growth suppression through the expression of this growth inhibitor. As discussed previously, TGF-b would in 
turn disrupt and inactivate the cyclin D–Cdk4 complexes, leading to the release of the Cdk inhibitor p27 and the effective inhibition of cyclin E–Cdk2 ( Figure 7.3). This 
process would prevent the phosphorylation of pRb and thus serve as a positive feedback loop to block progression into S-phase.

The transcription factor E2F, first identified as a DNA-binding protein required for E1A-mediated induction of the adenovirus E2 promoter, binds to 
hypophosphorylated pRb in the “pocket region” during the G0 and G1 phases of the cell cycle. 15,63,118,138,139 E2F binding sites are located in the promoters of multiple 
growth-promoting and growth-responsive genes such as c-myc, c-myb, dihydrofolate reductase (DHFR), thymidine kinase (TK), thymidine synthetase, DNA 
polymerase alpha, RB, the gene for the Rb-related protein p107, cyclin A, cyclin D1, cdc2, and E2F-1 itself. 15,140,141 The heterodimer of pRb-E2F is thought to 
sequester the active form of E2F and in effect block the transactivation of genes, whose products are necessary for DNA synthesis. 63,141 The inhibition of 
transactivation potential of E2F-1 by pRb may occur by targeting a repressor domain to the transcription complex or by physically blocking the interaction of E2F-1 
with a separate component of the transcription complex.142 Association with the viral oncoproteins or the phosphorylation of pRb releases E2F in its functional form, 
which is then able to promote the transcription of genes required for S-phase entry and completion. The adenovirus early region 1 transforming proteins not only 
liberate the active form of E2F but also stabilize the protein by inhibiting targeted proteolysis of the transcription factor. 143

Recently, four E2F-related proteins (E2F-2, E2F-3, E2F-4, and E2F-5) have been isolated and shown to share homologous domains with E2F; 144,145,146 and 147 thus 
confirming the speculation that an E2F family may exist. E2F binds as a heterodimer to DNA with dimerization partner-1 (DP1) ( Figure 7.1).148,149 DP1 is actually the 
patriarch of a family of DP genes with their own protooncogenic properties that are able to dimerize with E2F family members. 150,151 and 152 Besides the sequestering of 
E2F by pRb, the activity of the E2F/DP1 heterodimer is further regulated during the cell cycle by phosphorylation of DP1. As the phosphorylation level of DP1 
increases, the DNA-binding activity of E2F/DP1 decreases proportionally. 153 Because a cyclin A–binding domain is located in the amino-terminus of E2F-1, cyclin 
A–Cdk2 is the most likely candidate for the late S-phase phosphorylation of DP1. 154 Moreover, cyclin A–Cdk2 interacts with E2F-1 directly both in vivo and in vitro and 
phosphorylates E2F-1, thereby inhibiting the DNA-binding activity of the E2F-1/DP-1 complex. 155 The regulation of transcriptional activity is made even more complex 
considering the involvement of the Rb-family proteins, p107 and pRb2/p130. The Rb-family is capable of association with the E2F family. This interaction seems to be 
temporally modulated and varies among family members. Several sources of data suggest that pRb and p107 associate with distinct E2F species. The in vivo results 
demonstrate that E2F-1, E2F-2, E2F-3, and E2F-4 all form complexes with pRb, but E2Fs one through three do not interact with p107. 156 E2F4 and E2F5 were both 
cloned by their ability to interact with pRb2/p130. E2F4 undergoes complex formation in vivo with pRb2/p130 during G0 and G1, then later associates with p107 and 
pRb in late G1 and S phases as the levels of these regulators increase. 145,146 and 147,157 The vast majority of endogenous E2F activity stems from E2F-4. In fact, during 



G1 E2F-4 accounts for almost all of the free activity. During S-phase an equal mixture of E2F-4 and E2F-1 constitutes the free E2F activity. 157

Another important feature of the interaction between pRb and E2F-dependent gene repression is that pRb protects E2F-1 from proteolytic degradation by the 
ubiquitin-proteasome pathway.143,158,159 Furthermore, the antagonistic effect of pRb on E2F activity not only blocks transcription of growth-promoting genes but also 
may be the mechanism by which pRb protects against apoptosis in differentiating cells. Overexpression of E2F-1 induces apoptosis following entry of the cells into 
S-phase in cells with a wild-type p53 gene, but it favors proliferation in cells null for p53 (p53 -/-). 160,161 Coexpression of pRb with E2F-1 blocks the induction of 
apoptosis by E2F-1.160 Additionally, studies involving homozygous disruption of the E2F-1 gene indicate that E2F plays a physiologic role in normal development, 
more than likely by the induction of apoptosis in a specific set of developing cells. This conclusion comes from the finding that at an early stage of development, mice 
null for the E2F1 gene show defects in cell types in which apoptosis plays a significant role in their terminal differentiation, such as epithelial cells of the testis and 
other exocrine glands and T-cells. Later in life these animals develop widespread tumors. 162,163 The stochastic levels of pRb and E2F-1 may prove to be critical not 
only in regulating cell cycle progression but also in determining cell fate and cellular specialization. Because terminal differentiation invariably involves permanent 
withdrawal from the cell cycle,164 and because apoptosis is a constant phenomena in differentiating cells, 165 key proteins regulating such events would be predicted to 
be multifunctional in nature.

pRb and Cellular Differentiation

In addition to the role of pRb as a checkpoint regulator of the cell cycle, the protein is also implicated in cellular differentiation through complex formation and 
subsequent modulation of various tissue-specific transcription factors. The retinoblastoma protein is implicated in playing an integral role in adipogenesis, 
myogenesis, and hematopoiesis.166 Members of the MyoD bHLH transcription factor family associate with pRb, and the binding of pRb to MyoD is thought to induce 
activation of muscle-specific genes. In fact, cell lines that lack a functional pRb are unable to undergo myogenic conversion. This ability points to a possible role of 
pRb in the myogenic activation of MyoD.167 Similarly, in murine fibroblasts pRb activates CCAAT/ enhancer-binding proteins (C/EBPs), a family of transcription factors 
crucial for adipocyte differentiation. The C/EBP zinc finger transcription factor and pRb form a complex in the E2F pocket-binding domain of pRb. Furthermore, 
conversion of fibroblasts to adipocytes by C/EBP transfection requires the presence of a functional retinoblastoma protein. 168 Furthermore, an intact retinoblastoma 
susceptibility protein family binding domain in SV40 large T-antigen is necessary for deletion mutants of this oncoprotein to block adipocyte differentiation. 169 This 
requirement further demonstrates that the Rb-family proteins are important in regulating adipocyte differentiation. Evidence directly links pRb with several other 
transcription factors that are involved in the withdrawal from the cell cycle and the induction of differentiation, 167,170 such as the brahma-related gene 1 (BRG1).

Perhaps the most convincing evidence for the importance of pRb in cellular differentiation and specialization stems from the studies of RB knockout mice. 
Homogeneous germline disruptions of the RB gene (RB -/-) are lethal mutations, with the mice dying in utero by the fourteenth day of gestation and manifesting gross 
defects in the development of the hematopoietic and central nervous systems.

The heterozygous mice (RB +/-) mature normally until 9 months of age when they develop thyroid and intermediate lobe pituitary tumors. Surprisingly, they show no 
indication of retinoblastoma. 171,172 The fact that the vast majority of cell division cycles in the RB -/- embryos occur without the presence of pRb suggests that other 
proteins, possibly the Rb-family members, can complement pRb function, or perhaps the cell can elicit a different signal transduction pathway to regulate the activities 
of proliferation. These results also point to pRb involvement in neurogenesis and hematopoiesis. The link between pRb and hematopoiesis is supported by recent 
transcriptional studies indicating that the RB gene plays an erythroid- and stage-specific functional role in normal human adult hematopoiesis, particularly at the level 
of late erythroid hematopoietic progenitor cells. 173

Rb-Family

The “pocket region” of pRb is shared by two additional E1A-associated proteins, which has led to the identification of two members of the Rb-family, p107, and 
pRb2/p130.117,174,175 All three Rb-family members (also known as pocket proteins) localize primarily to the nuclear compartment of the cell. 114,174,176 A schematic picture 
of pRb, p107, and pRb2/p130 is shown in Figure 7.4 highlighting the zones of high homology among the family members.

FIGURE 7.4. A schematic representation of the retinoblastoma (RB) family proteins. (From M. Paggi, Baldi A, Bonnetto F, et al., in “Retinoblastoma protein family in 
cell cycle and cancer,” J Cell Biochem 1996;62:419, with permission.)

Essentially, the structures consist of (a) the N-terminal portion; (b) the pocket structure subdivided into domain A, spacer, and domain B; and (c) the C-terminal 
portion, also called domain C. The pocket functional domains A and B are the most conserved and are responsible for most of the interactions involving both 
endogenous proteins and viral oncoproteins. Amino acid comparisons of the three protein sequences of the Rb-family suggest a closer relationship of pRb2/p130 to 
p107.175 Beyond the high structural homology, phylogenetic studies show that pRb is specific to vertebrates; however, p107 and pRb2/p130, which form their own 
subfamily defined by their homologous spacer region, are common to plants, insects, and vertebrates. 177,178

Similar to pRb, ectopic expression of p107 and pRb2/p130 is able to suppress the growth of the osteosarcoma cell line SAOS-2. 116,117,121,179 Recent functional studies 
of p107 and pRb2/p130 indicate that although the Rb-family members may be able to complement each other, the proteins are not fully functionally redundant. Unlike 
pRb, both p107 and pRb2/p130 form stable complexes with cyclin A, cyclin E and Cdk2 in vitro and in vivo.180,181,182,183 and 184 Both p107 and pRb2/p130 undergo cell 
cycle–dependent phosphorylation similar to pRb. As with pRb, p107 phosphorylation is cell cycle regulated with a high level of hyperphosphorylated p107 present 
during S-phase and at the G2/M transition. 185 The major complex responsible for p107 phosphorylation is the cyclin D1–Cdk4 complex. 182,186,187 As far as pRb2/p130 is 
concerned, it displays evident cell cycle changes in phosphorylation, coupled to an extensive microheterogeneity in SDS-PAGE migration pattern. 176,183,188 From a 
functional point of view, cyclins A, D-type, and E overexpression rescue pRb2/p130-mediated growth arrest in SAOS-2 human osteosarcoma cells. 183 This rescue may 
result from the cyclins targeting pRb2/p130 for phosphorylation and subsequent inactivation, and/or pRb2/p130 may negatively modulate cdk activity.

Additionally, pRb, p107, and pRb2/p130 all form complexes with specific E2F family members, as detailed previously. 118,145,146,156,185,189 However, the temporal order of 
complex formation appears to vary. For example, the binding of p107 to E2F is first detected at the G1-S boundary and remains stable throughout S-phase. 185,189 On 
the other hand, pRb-E2F complexes are found in the G1-phase and then dissociate in late G1. 118,119 The main form of E2F detected in the G0 to G1 phases in primary 
mouse fibroblasts is E2F bound to pRb2/p130, which is then replaced by p107-E2F complexes in late G1. 188 Therefore, pRb2/p130 is the major negative modulator of 
E2F activity in quiescent cells.

Similar to the case for pRb and E2F-1, p107 and pRb2/p130 through complex formation with E2F-4 stabilize the protein and protect E2F-4 from targeted proteolysis 
by the ubiquitin-proteasome pathway. Stabilization of the p107- and pRb2/p130-E2F4 complexes is thought to contribute to maintaining a state of active 
transcriptional repression in quiescent cells. 143 Unlike E2F-1, E2F-2, or E2F-3, which are constitutively nuclear, E2F-4 and E2F-5 lack a nuclear localization signal. 
The subcellular localization of E2F-4 is regulated in a cell cycle–dependent manner with high nuclear/cytoplasmic ratios in G0 and early G1, with a progressive 
increase in cytoplasmic E2F-4 as the cells proceed toward S-phase. 190 Co-transfection studies indicate that cellular compartmentalization of E2F-4 and E2F-5 



becomes nuclear by complex formation with p107, pRb2/p130, DP-2, and/or DP-3d.190,191 and 192 E2F-4 nuclear accumulation induced by pRb2/p130 and p107 
correlates with cell growth arrest, whereas overexpression of E2F-4 with DP-3d stimulates reentry into the cell cycle in previously quiescent cells. This E2F-4/DP-3d 
reactivation of the cell cycle, however, is efficiently counteracted by overexpression of either p107 or pRb2/p130. 192

Genetic analysis of mice homozygously deleted for each of the retinoblastoma family members, as well as combined deletions of the p107 and RB genes and targeted 
disruptions of the RB2/p130 and p107 genes, further demonstrates that the Rb-family proteins have unique but partly overlapping functions that are required for the 
proper development and maintenance of vertebrate organisms.171,172,193,194 and 195 The expression patterns of the Rb-family members during early development of 
wild-type mice correlates well with the tissue-specific damage elicited by the absence of different sets of the Rb-family proteins. 196 Moreover, deletion of different 
members of the Rb-family results in altered expression patterns of E2F-regulated genes in mouse embryonic fibroblasts (MEF) prepared from embryos of the knockout 
mice.197 Severe deregulation of E2F-dependent transcription occurs in RB -/- and p107 -/-; RB2/p130 -/- double mutants, resulting in improper expression of 
S-phase–promoting and cell cycle–responsive genes such as p107 and pRb in RB2/p130 -/- MEFs, cyclin E in RB -/- MEFs, and cyclin A, b-myb, and E2F-1 in p107 
-/-; RB2/p130 -/- MEFs.197 This expression clearly demonstrates differences among the Rb-family in the transcriptional regulation of distinct genes.

Each of the retinoblastoma family proteins elicit cell cycle growth arrest in a unique manner. The E1A mutant pm928 that binds p107, but fails to bind pRb and 
pRb2/p130, is able to initiate DNA synthesis, but the transformation property of the oncoprotein is abrogated. 134,198,199 This condition implies that pRb2/p130 and pRb 
may elicit repression of cell cycle progression at similar checkpoints. Growth suppression by pRb requires an intact E1A oncoprotein-binding domain, whereas p107 
does not.116,117 p107 contains two functional domains that are able to block cell cycle progression independently in a cell type–specific manner. One domain, like pRb, 
corresponds to the sequences necessary for association with the transcription factor E2F. The interaction domain for cyclin A and cyclin E complexes forms the other. 
Only the cyclin-binding domain is an active growth suppressor in the cervical carcinoma cell line C33A, which is sensitive to p107-but resistant to pRb-mediated 
growth suppression.200 This relationship illustrates an important functional difference between pRb and p107. Additionally, p107 and pRb2/p130, similar to the p21 
family of Cdk inhibitors, can inhibit the phosphorylation of target substrates by cyclin A–Cdk2 and cyclin E–Cdk2 complexes through a structurally and functionally 
conserved kinase inhibitory domain in their N-terminal region. This domain also serves as an independent growth-suppressive domain. 201,202 and 203 The interactions 
between p21 and p107 with cyclin–Cdk2 complexes are mutually exclusive. p53-mediated induction of p21 levels in response to DNA damage leads to the 
dissociation of p107– cyclin–Cdk2 complexes to form p21–cyclin–Cdk2 complexes. 202 Furthermore, p107-E2F complexes dissociate upon activation of the 
p107-bound cyclin–Cdk kinases. 202 Together, these results suggest that different families of proteins, in a mutually exclusive manner in response to certain signals, 
can affect cdk activity, thereby regulating macromolecular assembly. Intriguingly, a unique domain of pRb2/p130 within the spacer region also acts as an inhibitor of 
Cdk2 kinase activity separate from that of p107. Increased expression of pRb2/p130 during various cellular processes correlates with decreased kinase activity of 
Cdk2. This correlation demonstrates that pRb2/p130 may act not only to bind and modify E2F activity but also to inhibit Cdk2 kinase activity in concert with p21 in a 
manner different from p107.201

Most interestingly, the T98G human glioblastoma cell line, which is resistant to the suppression effect of both pRb and p107, 117 demonstrates a drastic reduction in 
cellular proliferation upon overexpression of pRb2/p130. 179 This reaction suggests that pRb2/p130 may function in a completely different pathway than that of p107 or 
pRb, and that certain mutation(s) within the T98G cells predisposes them to be sensitive to the effects of pRb2/p130 but not to those of p107 or pRb. An alternate 
explanation may be that the three proteins may share functional properties, whereas pRb2/p130 has an additional property that p107 and pRb2 are unable to 
complement in this particular cell line.

In addition to these differences, no evidence supports the notion that p107 is normally a tumor suppressor. To date no examples of naturally occurring mutations of 
p107 have been found, despite the testing of several hundred human tumor samples and cell lines. In addition, p107 maps to chromosome 20q.11.2, a region not 
commonly found to be cytogenetically altered in human neoplasms. 174 Furthermore, the expression of p107 in cell lines derived from retinoblastoma tumors implies 
that p107 is unable to complement the lack of pRb and to suppress tumor formation. 204 However, pRb2/p130 maps to human chromosome 16q12.2,205 an area in 
which deletions have been found in several human neoplasms, including breast, ovarian, hepatic, and prostatic cancers. 205

The introduction of wild-type pRb2/p130 in HONE-1 cells, a cell line of human nasopharyngeal carcinoma (NPC) that endogenously expresses a genetically altered 
form of pRb2/p130 at a very low level, causes a significant reduction in cell proliferation and a change in morphology. 179 The HONE-1 cell line expresses the RB gene 
product with normal size and abundance, and no point mutation has been detected in the common sites for RB mutations. 206 NPC shows no detectable 
retinoblastoma-susceptibility gene alterations. 206 These recent findings hint to a possible involvement of pRb2/p130 in nasopharyngeal carcinogenesis in the face of a 
functionally intact RB gene. NPC is a rare disease in most parts of the world; however, the disease has a racial and geographic distribution. The people of Southern 
China are among those that deviate from the low-risk profile so much that NPC is the most common cancer in the city of Guangzhow (Canton) and constitutes 32% of 
all cancer.207,208 Furthermore, immunohistochemical studies indicate that lack of pRb2/p130 expression plays a role in the formation and/or progression of lung ( Table 
7.1, Table 7.2, Table 7.3)209,210 and endometrial cancer (Table 7.4 and Figure 7.5).211 Serving as an independent prognostic factor, the expression level of pRb2/p130 
is able to predict patient outcome and to identify groups of patients at a greater risk of dying from the cancer. 211 Morever, certain human tumor cell lines of 
nasopharyngeal and lung cancer harbor genetic mutations in the RB2/p130 gene. 179,212,213 and 214 This finding suggests a role for the RB2/p130 gene as a 
tumor-suppressor gene in human cancer.

TABLE 7.1. RB-FAMILY PROTEINS AND PCNA EXPRESSION IN LUNG CANCER

TABLE 7.2. EXPRESSION PATTERN OF Rb-FAMILY MEMBERS AND PCNA IN LUNG CANCER



TABLE 7.3. Rb2 PERCENTAGE OF EXPRESSION IN LUNG CANCER

TABLE 7.4. FIVE-YEAR SURVIVAL RATES BY TYPE OF TREATMENT AND pRb2/pl30 STATUS IN ENDOMETRIAL CANCER

FIGURE 7.5. Probability of survival in 100 patients with endometrial carcinoma (all stages) and pRb2/p130 positive or -negative tumors. (From T. Susini, Baldi F, 
Howard CM, et al. “Expression of the retinoblastoma-related gene Rb2/p130 correlates with clinical outcome in endometrial cancer,” J Clin Oncol 1998;16:1091, with 
permission.)

RB1 AND RB2 IN LUNG CANCER

Lung cancer is one of the leading causes of death related to cancer in the world. The high mortality rates for lung cancer may in part result from the absence of 
standard clinical procedures for diagnosis of early tumoral stages, in contrast to the screening modalities available for breast, prostate, and colon cancers. 215 Early 
studies indicated that several distinct chromosomal loci (3p, 9p, 13q, 17p, and others) are implicated in the pathogenesis of lung cancer, suggesting that sequential 
genetic events may occur during the initiation and progression of lung carcinogenesis. 216,217 and 218 PRb/p105 (RB1) maps to the chromosomal locus 13q and 
pRb2/p130 (RB2) on 16q.114,205 Recently, frequent allelic losses on chromosomes 2q, 18q, and 22q have been reported in advanced NSCLC. 219 Additionally, frequent 
novel genetic alterations such as increased DNA copy number at 5p, 1q24, and Xq26 and decreased DNA copy number at 22q12.1–13.1, 10q26, and 16p11.2 have 
been identified in NSCLC.220,221

In all normal cells, two types of genes—oncogenes and anti-oncogenes (also known as tumor-suppressor genes—are expressed and control cell proliferation and 
differentiation. Cell growth is stimulated by oncogenes and inhibited by anti-oncogenes. Neoplastic transformation involves loss of growth control caused by defective 
gene expression either by overexpression of a normal growth-promoting protein or by expression of an abnormal mutated protein that may result in a gain or loss of 
function. Several oncogenes, such as c-myc, N-myc, and L-myc, have been identified as potential initiators of lung cancerogenes. 222 On the other hand, loss of 
anti-oncogene function has also been described in lung cancer. Mutations or deletions of the RB gene have been reported in non–small cell carcinomas in greater 
than 90% of the cases.223 Likewise, mutations of other tumor-suppressor genes such as p53 have been reported with frequencies as high as 50% in NSCLC and 70% 
to 80% in SCLC.222,223 Moreover, by immunohistochemistry the expression of p53, pRb/p105, Ras, and Bcl-2 have been investigated in a panel of 65 samples of 
preneoplastic lesions of the bronchial epithelium. The frequency of p53-positive and pRb-negative microscopic fields was directly related to the morphologic grading 
of the lesions. One of the main patterns found to be correlated with the severity of histopathologic features was characterized by combined p53 hyperexpression and 
pRb hypoexpression.224

Lung cancer arises from a series of morphologic changes that take several years to progress from a normal epithelium to an invasive cancer. During the progression 
from hyperplasia through metaplasia, to dysplasia, to carcinoma in situ, to invasive and finally to metastatic cancer, multiple molecular changes have been noted. The 
molecular changes include activation of dominant oncogenes as well as loss of recessive growth-regulatory genes or anti-oncogenes. 225 Interestingly, some authors 
correlated the prognostic significance of the loss of Rb protein either alone, or in combination with Ras or p53 mutations in patients with NSCLC. Individuals with the 
theoretically best pattern of protein expression in their tumors versus those with the theoretically worst pattern of gene expression (i.e., Rb+/ Ras- versus Rb-/Ras+ 
and Rb+/p53- versus Rb-/p53+) showed a longer period of survival. The correlation between Rb and Ras proved to be a better prognostic factor than that of the Rb 
and p53 status in NSCLCs. In patients affected by squamous cell carcinoma, neither Rb/ Ras nor Rb/p53 status was a significant prognostic factor in this cohort. 226

RB2/p130 is the latest member of the Rb-family of proteins to be identified. 175,181,184 Immunohistochemic studies of the expression patterns of the Rb family members 
(pRb/p105, p107, and pRb2/p130) in 235 specimens of lung cancer indicate that pRb2/p130 may play an important role in the pathogenesis and progression of 
certain lung cancers (Table 7.1, Table 7.2, Table 7.3).209,210 The same studies have suggested that RB2/p130 protein expression inversely correlates with the 
histological grading and with PCNA expression in different lung cancer histotypes ( Table 7.1, Table 7.2, Table 7.3).209,210 The characterization of the genomic 
structure of the RB2/p130 gene227 allowed for mutational screening. Different authors reported that the majority of point mutations in the RB/p105 gene are located in 
the C-terminal region.228 Very little is known about the presence of mutations in human cancers in the RB2/p130 gene instead. In two very recent studies, the 
RB2/p130 gene has been found to be mutated in the carboxyl-terminus region in more than 80% of the human lung tumors analyzed, as well as in primary human 
lymphomas and NPCs by single-strand conformation polymorphysm (SSCP) analysis and direct DNA sequence analysis ( Figure 7.6).213,214 Interestingly, the vast 
majority of those lung tumors were adenocarcinomas spanning from poorly to moderately differentiated.



FIGURE 7.6. Representative example of single-strand conformation polymorphyism analysis of exon 21 of the RB2/p130 gene in primary lung tumors compared to the 
normal genomic DNA extracted from peripheral blood of the corresponding patient, indicating that the mutations found in the tumors were somatic. (From P.P. 
Claudio, et al. “Mutations in the retinoblastoma-related gene RB2/p130 in lung tumors and suppression of tumor growth in vivo by retroviral-mediated gene transfer,” 
Cancer Res, [in press], 1999.)

As a model to study carcinogenesis, mice are among the most suitable. Mice develop lung tumors with a similar histology and molecular features to peripheral 
adenocarcinomas in humans. Additionally, mice are an easy and firmly established model to grow tumors in vivo and to study different delivery systems suitable for 
human gene therapy. The advantage of this model system is that events early in tumorigenesis can be studied at the molecular level. Decreased expression of p15, 
p16, Rb, cyclin D1, Apc, Mcc, and Gjal occur during tumor formation in both rodents and humans. 229

Gene therapy models in different types of cancers using viral vectors to deliver either a functional p53 or pRb have been attempted. 230,231,232,233,234,235,236 and 237 In a 
recent study, using a tetracycline-regulated gene expression system to control the expression of RB2/p130 in JC virus-induced hamster brain tumor cells, it was 
demonstrated for the first time that RB2/p130 could be used to inhibit the growth of such tumors in vivo. Induced expression of pRb2/p130 in this in vivo study brought 
about a 3.2 fold or 69% reduction in tumor mass in nude mice.238

The effects of expressing pRb2/p130 in vivo in a lung adenocarcinoma cell line were also analyzed using a retroviral delivery approach. 213 Retroviruses are among the 
most efficient vector systems for transducing genes into mammalian cells, and they have been successfully used to deliver therapeutic genes into humans. 232,239 The 
requirement for host cells to actively divide to allow viral genes to integrate into the host genome 240 may be advantageous for cancer gene therapy. This requirement 
would limit exogenous gene delivery to rapidly proliferating cancer cells while sparing delivery to other nonproliferating cells within the effected organ.

It has been recently shown that in vivo retroviral transduction of the RB2/p130 gene in established tumors, derived from injection of the lung adenocarcinoma cell line 
H23 grown subcutaneously in nude mice, greatly reduced the tumor mass. The average tumor weight of the excised tumors transduced with RB2/p130 was over 12 
fold smaller compared to those transduced with retroviruses carrying the puromycin ( Pac) resistance alone or the Lac-Z gene.213

Functional inactivation of tumor-suppressor gene products by way of interaction with viral oncoproteins of DNA tumor viruses represent another mechanism of 
tumorigenesis. Such a scenario has been proposed for the oncoprotein of simian virus 40, the SV40 large T antigen (Tag) that targets and inactivates cell cycle 
regulatory proteins such as the Rb-family and p53, leading to transformation of human cell lines in vitro, and producing tumors in vivo in rodent models.241,242 and 243 
Even though mesotheliomas are among the most aggressive human cancers, alterations of important cell cycle “controllers,” such as the Rb-family genes, have never 
been reported in these tumors. However, SV40-like sequences have been detected in 86% of archival specimens of mesothelioma; furthermore, SV40 Tag was 
isolated from frozen biopsies of human mesothelioma that retained its ability to bind each of the Rb-family proteins: pRb/p105, p107, and pRb2/p130. 242 This finding 
raises the question of whether the tumorigenic potential of SV40 Tag in some human mesotheliomas may stem from its ability to interact with and thereby inactivate 
several tumor- and/or growth-suppressive proteins.

The absence of mutations in Rb-family proteins and the unusually high level of expression of pRb, pRb2/p130, and p107 in the mesothelioma specimens may be 
explained by the physical association of these proteins with SV40 Tag, which should lead to their functional inactivation. All members of the Rb gene family share the 
ability to interact physically with certain oncoproteins of DNA tumor viruses. These viral oncoproteins compete with the E2F family of transcription factors for binding 
to the Rb-family proteins.244 Release of the E2F family members from the pocket structure leads to the induction of genes needed to proceed through the cell cycle. 
The finding that p53, a well-characterized tumor-suppressor gene, is also a target of SV40 Tag, 241,245 further supports the model of viral transformation via the binding 
of the viral oncoproteins to a specific region of cell growth-suppressor genes.

A paradigm is forming that the removal or inactivation of functional tumor-suppressor proteins such as pRb/p105 or pRb2/p130 by way of tumor viral oncoproteins, as 
is the case in SV40 large T antigen–associated mesothelioma, 242,245 or by way of genetic alteration as is the case in lung cancer, 124,213,215,217,218,222,223,225,246 may be a 
critical event in the malignant transformation of a cell.

Considering the impact of lung cancer in terms of morbidity and mortality on the Western world, 247 it is possible to suggest that RB1 (pRb/p105) and/or RB2 
(pRb2/p130) in combination with p53, Ras, and other cell cycle regulatory genes, may serve as valuable tools in establishing the molecular diagnosis and/or 
prognosis of lung cancer. Additionally, identification of mutations within these tumor-suppressor loci in lung cancer could have possible implications on guiding and 
designing standard as well as novel therapeutic regimes.

CONCLUSION

The prototypic tumor-suppressor gene RB is mutated in several human tumors, and numerous studies are now beginning to identify their role in cancer development, 
as well as in normal cell physiology. In cell lines that lack a functional pRb protein, the restoration of protein function suppresses the cells' neoplastic properties. 115,116 
These data have led to the exploration of the possibility of replacement of the wild-type RB gene as a clinical treatment for human cancers. 231,232 and 233,235,236 and 

237,248,249,250 and 251

The fact that transforming oncoproteins such as SV40 Tag must maintain an intact Rb-family binding domain (LXCXE domain; L = Leucine, X = any amino acid, C = 
Cystein, B = Glutamine) to transform RB -/- cells indicates that p107 and/or pRb2/p130 are also strategically important targets for SV40 Tag-mediated transformation 
and implicates them as putative tumor-suppressor genes.252 In support of an involvement of the RB2/p130 gene in human cancer as a tumor-suppressor gene, it maps 
to human chromosome 16q12.2, an area in which deletions have been found in several human neoplasias including breast, ovarian, hepatic, and prostatic cancers. 205 
Intriguingly, differential expression of pRb2/p130 in human endometrial cancer, where the expression level of pRb2/p130 inversely correlates with tumor grade and 
prognosis, has been detected.211 These findings have significant clinical implications involving prognosis and implementation of therapeutic strategies. 
Immunohistochemic data examining the expression of the Rb-family proteins in 235 patient samples of lung carcinoma suggest an independent role for the reduction 
or loss of pRb2/p130 expression in the formation and/or progression of lung carcinoma Table 7.1, Table 7.2, Table 7.3.209,210 Additionally, different groups have 
detected mutations in the RB2/p130 gene in human cell lines of small cell and adenocarcinoma 212 as well as patient tumor specimens.213 This finding suggests that 
functional inactivation of one or more of the Rb-family genes by genomic mutation or by transforming oncoprotein may provide the cell with a growth advantage 
resulting in tumor formation.

Additionally, it has recently beer shown that the induction of pRb2/p130 expression is growth suppressive to tumor formation in vivo.213,238 This data predicts that 
RB2/p130 gene therapy may serve as a beneficial therapeutic alternative for cancer and lays the foundation for exploring this avenue of research in addition to other 
gene therapeutic models that are under current investigation. 253

In summary, pRb2/p130 is proving to be a complex multifunctional protein that is directly linked to the cell cycle machinery by its Cdk-inhibitory activity. Furthermore, 
the fact that induction of pRb2/p130 expression or overexpression by retrovirally delivered pRb2/p130 inhibits tumor growth in vivo,213,238 along with the mapping of the 
RB2/p130 locus to a region altered in several human neoplasms, 205 immunohistochemic data indicating an independent role for pRb2/p130 in the development and/or 



progression of human lung (Table 7.3)209,210 and endometrial cancer (Table 7.4 and Figure 7.5),211 and the identification of mutations in the RB2/p130 gene in human 
tumor cell lines212 and primary tumors,213,214 strongly supports the hypothesis that RB2/p130 is a tumor-suppressor gene as well as RB1/p105.
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Lung cancer is a major cause of mortality worldwide, and despite progress in early detection and treatment, the overall survival rate has not improved significantly 
during the past two decades.1 A direct association between lung cancer and smoking is well known, being first observed 55 years ago by Ochsner and DeBakey 2 and 
subsequently confirmed by epidemiologic studies. 3,4 Lung tumors that develop in nonsmokers account for only 5% to 10% of all lung cancers. 5,6 Although the 
relationship between carcinogen exposure and tumorigenesis has long been recognized, the molecular events resulting in lung cancer have been defined only 
recently. Lung cancer, similar to other cancers, results from the sequential accumulation of specific genetic changes. These changes involve deletions of the short 
arm of chromosome 3 (3p), inactivation of tumor-suppressor genes TP53, CDKN2, and RB, deregulated expression of EGER and HER2/neu oncogenes, and 
alteration in expression of proteins involved in apoptosis control, such as Bcl2, as well as point mutations in KRAS2 and amplification of myc oncogene family 
members (see also Chapter 4, Chapter 5, Chapter 6, Chapter 7, Chapter 23).7 Definition of the genetic alterations and the associated alterations in biologic behavior 
of lung cancer will undoubtedly aid in the design of novel therapies, as well as in early diagnosis and prevention of the disease.

Evidence linking exposure to carcinogens in cigarette smoke and specific genetic alterations of the bronchial tissue is accumulating. In particular, deletions of loci on 
the short arm of chromosome 3, which have been recognized as early events in lung tumor development, seem to be preferential targets of tobacco smoke 
carcinogens.8,9 We have shown that the FHIT gene at chromosome 3p14.2 plays a critical and early role in lung carcinogenesis. 10 Interestingly, this gene that spans 
more than 1.5 Mb of DNA contains the most inducible of the constitutive fragile sites of the human genome, FRA3B, a common target of rearrangements in lung 
carcinogenesis.

In this chapter we examine the importance of the 3p14.2 region and the FRA3B fragile site in lung cancer. We summarize previous studies on the cloning and 
characterization of the FHIT gene and the investigation of the Fhit protein and its biologic function. We also describe the biallelic alterations of the FHIT/FRA3B locus 
in human cancers, methods to detect these alterations, and our theories about the mechanisms involved in deletion. Finally, we discuss the role of FHIT in lung 
tumors and the clinical implications of its loss of function.

THE GENE

The Short Arm of Chromosome 3 and the FRA3B

Chromosomal deletions and loss of heterozygosity (LOH) involving the short arm of chromosome 3 (3p) are often detected in carcinomas of the lung, head and neck, 
kidney, stomach, breast, cervix, and ovary.11,12,13,14,15,16 and 17 At least four distinct regions—3pl12, 3p14, 3p21, and 3p24–25—have been identified by LOH studies, 
suggesting the presence of tumor-suppressor genes involved in the pathogenesis of several epithelial neoplasia in these regions. The von Hippel-Lindau gene ( VHL) 
at chromosome 3p25 was isolated several years ago.18 This gene is responsible for some familial kidney carcinomas, is inactivated in a large fraction of sporadic 
renal cancers, but does not seem to be involved in lung cancer. 19 A gene at chromosome band 3p14.2 has been sought for many years because this region is the site 
of a balanced chromosome translocation, t(3;8)(p14.2;q24), associated with familial clear cell renal carcinoma. 20 This translocation is also known to be close to an 
interesting genetic landmark, FRA3B, the most inducible of the constitutive or common human chromosomal fragile sites. 21,22

Fragile sites are specific chromosome regions that reveal specific cytogenetically detectable gaps or breaks when cells are exposed to certain chemicals, for example 
inhibitors of DNA synthesis such as aphidicolin, and are divided into two classes, common and rare. 23,24 Common fragile sites are highly conserved during evolution, 
are induced by agents that perturb DNA replication, and have been implicated in interchromosomal and intrachromosomal rearrangements, deletions and 
translocations in hybrid cells, and plasmid and viral integration. 25,26,27 and 28 Expression of fragile sites can also trigger gene overexpression, suggesting their possible 
role in oncogenic amplification during tumorigenesis. 29 The coincident chromosome location of common fragile sites, characteristic cancer breakpoints, and genes 
involved in tumor development has suggested that fragile sites could be involved in specific chromosomal rearrangements in malignant diseases, or harbor 
oncogenes or tumor-suppressor genes that are altered in the process of carcinogenesis.

Interestingly, FRA3B, the most inducible constitutive fragile site, is located at 3p14.2 and is expressed after exposure of cultured cells to diverse carcinogens, 
including benzo[a]pyrene diol epoxide, the ultimate carcinogen of benzo[ a]pyrene, a major constituent of tobacco smoke.28 In addition, homozygous deletions within 
the FRA3B in primary lung cancers have been shown to correlate with exposure to cigarette carcinogens and asbestos. 9 Understanding the structure of the FRA3B 
could provide clues to the mechanism of fragility. We sequenced approximately 800 kb of the 3p14.2 region containing the FRA3B locus and precisely located the 
homozygous deletion breakpoints of numerous cancer cell lines, including those derived from lung cancers. 22,30,31 The FRA3B locus has a low content of Alu repeats 
and is abundant in LINE repeats over 1 kb in length, mostly of the L1 subtype; most of the deletion endpoints in tumor-derived cell lines involve L1 repeats greater 
than 1 kb in length or long terminal repeats (LTRs). 22,30,31

This finding suggests that homologous recombination between L1 sequences or LTRs can result in internal deletions within the FHIT gene in response to 
carcinogen-induced double-strand breaks at the FRA3B fragile region. The breakpoints are induced by agents such as aphidicolin, an inhibitor of DNA polymerase a 
and d apparently occurring in regions of the highest DNA flexibility, confirming a relationship between fragility and DNA flexibility, as suggested by Mishmar et al. 32,33 
Thus double-strand breaks occurring in regions of high flexibility, which could result in cell death, may be rescued by homologous recombination involving LINE 1 
elements or LTRs, leading to deletion of the intervening DNA sequences.

Cloning and Characterization of the FHIT Gene

The definition of the region of hemi- and homozygous loss at 3p14.2 within YAC clone 850A6, telomeric to the t(3;8) translocation, in cancer-derived cell lines, 
facilitated the cloning of the FHIT gene, a portion of which was included in the homozygously deleted region. 34,35 We constructed a cosmid contig covering this 
common deleted region, the t(3;8) translocation and the FRA3B region, and identified and cloned the FHIT gene. Individual cosmids were used in exon-trapping 
experiments, and primer extension was used to obtain a 5' extended product from the initial trapped FHIT exon 5. A full-length cDNA was characterized and the 
genomic structure determined. The 1.1-kb FHIT cDNA consists of 10 small exons and is distributed over a genomic locus of greater than one megabase. The protein 



coding region begins in exon 5 and ends in exon 9 ( Figure 8.1).

FIGURE 8.1. The FHIT gene at 3p14.2 contains the FRA3B fragile site, a region of approximately 800 kb that is often involved in deletions in a variety of human 
cancers, including lung cancer. The FHIT gene spans well over 1 Megabase of DNA and consists of 10 exons, of which five are coding ( black boxes). It encodes a 
mRNA of 1.1 kb and a protein of 16.8 kD. The position of 3p markers on the FHIT map is described, as well as the position of the 3p break involved in the 
t(3;8)(p14.2;q24) translocation in a family with renal cell carcinoma. The BAC contig we have used to sequence the entire FRA3B region is described on the right of 
the figure; AF020503 and U66722 are Genbank accession numbers for published sequences.

We characterized deletions in numerous cancer-derived cell lines and observed that homozygous deletions can occur in several discontinuous segments within the 
FRA3B/FHIT locus and often involve loss of specific FHIT exons (Figure 8.2).36 The common deleted region originally defined in tumor-derived cell lines often 
involves exon 5.35,36 The first three 5' exons of the gene are centromeric to the t(3;8) break, an observation that is consistent with the involvement of FHIT in the 
development of familial clear cell renal carcinoma because one copy of the gene is disrupted by the translocation. 35 Further characterization of the complex 
homozygous deletions revealed that they are often the result of overlap of independent deletions of the two FRA3B/FHIT alleles.22,36 For example, a stomach 
carcinoma–derived cell line, AGS, exhibited three separate regions of homozygous deletions, including exon 3, a portion of intron 4, and exon 5. 36 The Kato III cell 
line showed independent biallelic deletions resulting in absence of Fhit protein, and the Siha cervical carcinoma cell line exhibited a small homozygous deletion in 
intron 4, also the result of overlap of biallelic deletions. 36,30,31 Figure 8.2 illustrates portions of FHIT alleles missing within the gene in some cancer-derived cell lines.

FIGURE 8.2. Biallelic FHIT deletions involving the FRA3B fragile site in human tumor-derived cell lines. Five cell lines derived from cervical cancer (Siha), gastric 
cancer (Kato III), lung cancer (H460/H211, H1573), and breast cancer (MB436) were studied for alterations of the FHIT gene. The DNA junctions associated with the 
deletions were sequenced by inverted PCR as described by Mimori et al. (From Mimori K, Druck T, Inoue H, et al. Cancer specific chromosome alterations in the 
constitutive fragile region. FRA3B. Proc Natl Acad Sci USA 1999;96:7456, with permission.) As shown in the figure, the region between intron 3 and exon 5 is involved 
in deletions in these cell lines. In the gastric cancer cell line, Kato III, the deletion in the allele b occurred past exon 5. In the lung carcinoma H460/H211, the deletion 
of the allele b is outside the region shown. The black bars represent the undeleted portions of alleles.

Northern blot analysis indicated that FHIT is expressed at variable levels in all normal human tissues tested, as a 1.1-kb mRNA. The highest levels have been 
detected in epithelial tissues. Initial studies of primary gastrointestinal tumors, compared to their normal counterparts, using reverse transcription-polymerase chain 
reaction (RT-PCR) showed a mixture of apparently normal size transcripts and aberrant transcripts in the tumor tissues, with complete absence of the full-length 
product in some tumors.35 Sequence analysis of these short abnormal transcripts revealed that regions between exons 4 and 9 were missing, whereas mRNA from 
matched normal tissue did not exhibit alteration. Several studies later reported presence of similar aberrant transcripts in mRNA from some normal cells, such as 
white blood cells, raising the question of the cancer-specificity of the alterations initially detected. 37,38 Such transcripts in normal cells are, however, faint and not 
reproducible, suggesting that such transcripts in normal cells are artifacts. Numerous experiments have shown consistent, reproducible, and abundant aberrant FHIT 
transcripts in cancer cells, supporting the original observation that detection of abnormal FHIT RT-PCR products indicates the presence of FHIT genomic alterations.

The genetic alterations to the FHIT gene, usually involving independent deletions within both alleles, rather than point mutations, are probably the result of the 
particular location of the FRA3B fragile region within the FHIT gene, rendering it more susceptible to deletions than point mutations. When antibodies recognizing the 
Fhit protein became available, we demonstrated a good correlation between DNA and RNA alterations and the absence of the expression of the Fhit protein in 
tumors.36 Initial studies in gastric cancer cell lines showed that absence of FHIT mRNA by Northern blot analysis and presence of aberrant RT-PCR products were 
associated with absence of Fhit protein.39 Immunohistochemic analysis showed absence of Fhit protein in gastric carcinomas and strong FHIT expression in the 
normal epithelial cells within the same tissue sections. 39

Similar results have been reported in lung cancer, breast cancer, cervical cancer, pancreatic cancer, and clear renal cell carcinoma. 40,41,42,43 and 44 Of particular interest 
is the finding that Fhit protein was absent in low-grade, low-stage clear cell renal carcinomas, whereas higher grade and stage tumors displayed a mixture of 
Fhit-positive and -negative cancer cells. 44 These results suggest that the FHIT gene plays a role during the early steps of tumor development in the low-grade renal 
carcinomas and is associated with progression in the high-grade tumors. Subsequent studies in lung cancers showed Fhit inactivation in preneoplastic lesions, 10 in 
line with the observation that loss at 3p14/FHIT is the earliest LOH event observed in preneoplastic lung lesions, 45,46 and showing that complete Fhit loss is a very 
early event in the development of lung cancer.

THE PROTEIN

The Fhit Protein and the HIT Family

The FHIT gene encodes a polypeptide of 16.8 kD that consists of 147 amino acids that show 52% identity and 69% similarity to a core region of 109 amino acids of 
the diadenosine 5', 5''',P4-tetraphosphate (Ap 4A) hydrolase from the fission yeast Schizosaccaromyces pombe.35,47,48 This latter enzyme catalyzes the in vitro 
hydrolysis of dinucleoside polyphosphates, with Ap 4A as the preferred substrate. Both the Fhit protein and the S. pombe Ap4A are members of the Histidine Triad 
(HIT) protein family. HIT proteins are characterized by four conserved histidines, three of which form a histidine triad sequence that, together with a distinct protein 
fold, binds nucleotides ( Figure 8.3).48,49 Although FHIT also cleaves Ap4A efficiently, biochemical studies and site-directed mutagenesis analysis demonstrated that 
the Fhit protein could be classified as an Ap 3A hydrolase on the basis of its in vitro enzymatic activity and that all three conserved histidines are required for full 
activity (Figure 8.3).50 Structural analysis and sequence comparison linked Fhit to Hint (triad nucleotide-binding protein) proteins, whose most conserved residues 
mediate nucleotide binding.51,52 The HIT motif forms part of the phosphate-binding loop of Hint proteins. Thus Fhit is a member of the HIT family involved in nucleotide 



metabolism. Interestingly, Fhit substrates, Ap 4A and Ap3A, accumulate in human cultured cells as a consequence of toxic stress or interferon induction, suggesting a 
possible involvement of Fhit in signaling responses to cellular stress. 53,54

FIGURE 8.3. Fhit encodes an Ap3A hydrolase. Diadenosine triphosphate (Ap 3A) is a product of the tryptophan tRNA synthetase. Ap3A is cleaved by Fhit into AMP and 
ADP. As mentioned in the text, Ap3A is found to be elevated in a variety of human cancers.

Biologic Function of Fhit

As mentioned previously, Fhit is a mammalian member of the HIT family of proteins. Insight into the enzymatic function of Fhit came from its similarity to the yeast 
enzyme, Ap4A hydrolase, and our data have shown that Fhit has Ap 3A hydrolase activity. 50 However, the in vitro enzymatic activity of Fhit did not suggest a biologic 
function for Fhit. Because established cancer cell lines can be positive or negative for Fhit expression, and because Fhit-negative cell lines and their Fhit-positive 
DNA transfectants grow well in vitro, Fhit expression did not seem to alter the ability to grow in culture. 55 This experiment is not conclusive, however, because the 
Fhit-expressing clones are selected for constitutive Fhit expression. In addition, the pattern of Fhit expression did not correlate with any phase of the cell cycle.

To analyze Fhit biologic function, several cancer cell lines, including lung, kidney, and gastric, were transfected with FHIT cDNA.55 The number of colonies obtained 
after transfection with the FHIT vector was lower compared to transfection with the empty vector, and only a few of the selected colonies expressed Fhit, suggesting 
that overexpression FHIT was selected against. The lung cancer clones expressing exogenous Fhit exhibited a longer doubling time in liquid medium than the 
parental Fhit-negative H460 cells and formed fewer colonies in soft agar. The Fhit-expressing gastric (MKN74 FHIT and AGSFHIT) and kidney (RC48FHIT) cancer 
clones did not show changes in the in vitro growth pattern compared to the negative parental cells. In vivo experiments conducted by inoculating Fhit-expressing 
clones of each cell line, as well as empty-vector transfected clones, into nude mice showed that the expression of Fhit in the clones suppressed their tumorigenicity in 
vivo.55 Thus the expression of Fhit strongly affects the ability of cells to form tumors in vivo.

Evidence is also accumulating that binding to diadenosine triphosphate regulates the activity of Fhit. In particular, transfectants with a mutant form of Fhit that binds 
diadenosine polyphosphates well but does not cleave them are unable to form tumors in nude mice or to form tumors of reduced size. 50,55,56 This finding indicates that 
Fhit binding with a dinucleotide polyphosphate is important for tumor-suppressor activity and that the Fhit-Ap 3A complex may send the tumor-suppression signal. 
Similarly, activated Ras p21, a nucleotide-binding protein, exerts its tumorigenic action by decreasing guanosine triphosphatase (GTPase) activity. 57 Because the 
GTP-bound form of Ras stimulates cell division, oncogenic-activating mutations of Ras lead to cellular transformation. X-ray crystallography provided an attractive 
model of the structural consequences of Fhit-substrate binding, reminiscent of the conformational change of GTP-bound Ras, which results in activation of mitogenic 
effectors.56 Two diadenosine polyphosphate substrates fill the positively charged cleft of the Fhit dimer in its empty form and convert it to a bulging electronegative 
surface. It is possible that the tumor-suppressing effectors of Fhit recognize this change in protein appearance, interact with the Fhit-substrate complex, and are 
activated.

Fhit and Apoptosis

To gain insight into the biologic mechanisms underlying Fhit overexpression in lung cancer cells, we studied H460/ FHIT clones overexpressing Fhit for proliferation, 
apoptosis, and cell cycle profiles. 58

We focused on the lung cancer cell line H460 and on H460/ FHIT clones transfected with a FHIT-FLAG expression vector under control of a CMV promoter. 
Endogenous wild-type FHIT mRNA transcript and protein are undetectable in the H460 cells. Only a few stable Fhit-expressing clones were isolated after transfection 
of H460 cells with pRC-CMV/FHIT, suggesting that constitutive overexpression negatively affects cell growth. In contrast, in 293 adenovirus 5 transformed human 
kidney cells, which express endogenous Fhit, enforced Fhit overexpression does not affect cell growth, as reflected in the high yield of rescued colonies and the high 
number of Fhit expressors among them.55 Analysis of apoptosis by in situ TUNEL assay (TdT mediated dUTP Nick End Labelling) revealed a high rate of 
apoptosis-induced DNA strand breaks in stable H460/FHIT clones. In situ results were confirmed by FACS can analysis, which showed an apoptotic rate of 44% to 
47% compared to a 15% level in the control H460 cells. No significant changes in Bcl2, BclX, and Bax protein expression levels were observed in the transfected 
clones as compared to the control H460 cells, whereas a two-fold increase in Bak protein levels was noted. 58 An increased level of p21waf protein, paralleled by an 
upregulation of p21waf transcripts, was also found in Fhit-expressing clones compared to H460 parental cells. No differences in p53 levels were observed in the same 
cells, suggesting a p53-independent effect. 58

These data suggest that the observed growth-inhibitory effect in Fhit-expressing H460 cells could be related to apoptosis and cell cycle arrest, and link the 
tumor-suppressor activity of Fhit to a proapoptotic function. Interestingly, it has been reported that apoptosis in human cultured cells is associated with a decrease of 
free Ap3A levels,59 suggesting that Fhit, through binding with Ap 3A, is involved in induction of apoptosis.

A recent paper from J. Roth's group strengthens the observation of Fhit involvement in apoptosis, with relevant in vitro and in vivo experiments.60 In this study an 
adenovirus-FHIT vector was used to study the effect of Fhit expression in several cancer cell lines, including H460, and normal human bronchial epithelial cells. 
Transient overexpression of exogenous Fhit resulted in cell growth inhibition of tumor cell lines, associated with induction of apoptosis and alteration of cell cycle 
processes. Moreover, the tumorigenicity of the highly tumorigenic H1299 lung cancer cells transduced by Ad- FHIT was eliminated in vivo. Together, these results 
suggest that the FHIT gene functions as a tumor-suppressor gene.

ROLE IN CANCER

Detection of FHIT Gene Alterations

The characterization and sequencing of the FHIT gene and the FRA3B fragile region facilitated the detection of FHIT rearrangements in primary cancers and 
cancer-derived cell lines. 30,31,35 Alterations at the FHIT locus are characterized by deletions, including homozygous deletions, of coding exons, intronic deletions, 
deletions involving one coding exon in one allele and another coding exon on the other allele, multiple discontinuous regions of deletion in some cell lines, and 
deletions affecting the 5' untranslated exons, such as exons 3 and 4. 22,36 The effect of all these alterations is the loss or severe reduction of expression of Fhit 
protein.22,36 The pattern of alterations characteristic of the FHIT gene in cancer cells is different from that of other tumor-suppressor genes, and for this reason the 
involvement of FHIT in human cancer has been slow to be accepted, that is, since FHIT is not p53.

Analysis of the levels of FHIT transcripts in cases with complex deletions within the FHIT gene presents a challenge; FHIT mRNA is not abundant and its detection 
requires poly A+ RNA, which is usually not available from primary cancers. Therefore, FHIT expression has often been studied by RT-PCR. Cancer-derived cell lines 
and primary tumors exhibited different sized transcripts, ranging from apparent normal to short products, or absence of products. 36 Short abnormal transcripts were 
often detected in cell lines with defined deletions, consistent with the suggestion that aberrant products reflect DNA lesions. 22,36 Several laboratories observed similar 



short FHIT products in normal cells and normal FHIT transcripts in cancer cells and argued against the tumor-specificity or relevance to tumor development of these 
abnormalities.37,38 Such aberrant transcripts in normal tissues are, however, not consistent from one experiment to another and may be artifacts of the amplification 
process. Extensive analysis of many tumors revealed that abnormal FHIT transcripts are consistently detected and much more common in cancer tissues, indicating 
that although the RT-PCR assay has pitfalls and must be interpreted with caution, aberrant FHIT amplification products often indicate DNA damage.

The availability of antiserum against the Fhit protein allowed the demonstration of the abundant expression of Fhit protein in normal epithelial tissues and its absence 
in tumors.39,40,41,42,43 and 44 Western blot analysis showed that cancer cell lines with FHIT DNA deletions or aberrant transcripts lacked Fhit protein; cancer cell lines with 
no FHIT DNA or RNA alterations expressed normal Fhit protein; and cancer cell lines with a mixture of normal and aberrant FHIT products exhibited reduced levels of 
Fhit expression.36 Even more exciting were the results of immunohistochemic analysis of cytologic preparations from cancer cell lines and tumor sections. Nine of 
eleven lung cancer–derived cell lines, 73% of primary small cell lung cancer (SCLC) tested, lacked Fhit protein expression, and near concordance was observed 
between RNA alteration and protein expression. 40 Similar results were obtained by analyzing cervical cancers. 42 Seventy percent of cervical carcinomas showed 
reduction or lack of Fhit expression, whereas the normal cervical tissue in the same section showed normal Fhit expression. Again, a correlation existed between Fhit 
expression and DNA or RNA alterations.

Thus immunohistochemic methods are useful in determining the relevance of Fhit in tumorigenesis and are the best way to assess the level of Fhit involvement in a 
clinical setting.

FHIT Abnormalities in Human Cancer

The FHIT gene is inactivated in a wide range of solid tumors, including breast cancer, head and neck cancer, gastrointestinal and esophageal cancer, renal cancer, 
cervical cancer, and lung cancer. Analysis of numerous cell lines derived from tumors of the gastrointestinal tract, as well as from other sites, demonstrated a 
correlation of DNA lesions at the FHIT locus with aberrant RT-PCR products and altered FHIT protein.36 The most common type of alterations were deletions and/or 
rearrangements within the gene. In addition, the same study showed that Fhit protein may be reduced or absent, even in absence of detectable DNA or RNA 
alterations, suggesting the usefulness of Western blot analysis and immunohistochemistry in assessing the level of Fhit involvement.

Baffa et al.39 analyzed 32 primary adenocarcinomas of the stomach and 8 gastric cancer–derived cell lines using RT-PCR, Southern analysis, Western blot analysis, 
and immunohistochemistry. Four of the eight cell lines and eighteen of the primary gastric cancers (56%) showed deletions or rearrangements within the FHIT gene, 
together with absence of the wild-type transcript and Fhit protein ( Figure 8.4). Although not statistically significant, there was a trend toward a higher frequency of Fhit 
immunonegativity in intestinal-type carcinoma (76%), which is thought to develop from carcinogenic exposure, compared with the diffuse-type adenocarcinoma (50%). 
Thus results of this study were consistent with the hypothesis that abnormal FHIT transcripts result from carcinogen-mediated DNA damage leading ultimately to Fhit 
inactivation. Another study involving 40 matched normal and gastric cancer tissues using PCR single-strand conformation polymorphism (SSCP) and sequencing 
revealed the presence of a missense mutation in exon 6 in a signet ring cell adenocarcinoma. 61

FIGURE 8.4. Immunohistochemistry of a gastric adenocarcinoma for expression of Fhit protein. As shown in the figure, the normal gastric epithelial cells stain strongly 
positive for Fhit, whereas the adenocarcinoma cells are completely negative (From Croce C, Sozzi G, Huebner K. Role of FHIT in human cancer. J Clin Oncol 
1999;17:1618, with permission.) (See Color Figure 8.4.)

The discovery that the t(3;8) chromosome translocation was associated with hereditary renal cancer in a large three-generation family was the first suggestion that the 
3p14.2 region could be involved in kidney cancer. The FHIT gene is interrupted by this translocation and is likely to play a role in renal tumor development. An 
extensive analysis of renal cell carcinomas of different subtypes showed a variable spectrum of Fhit expression from the almost 100% strongly positive oncocytomas 
through mostly positive papillary renal carcinomas to the predominantly negative clear cell carcinomas. 44 Loss of FHIT protein in clear cell renal carcinomas agrees 
with previous studies showing LOH of markers within the FHIT gene in more than 80% of this subtype of kidney tumor.62

A high frequency of LOH at 3p14 was demonstrated in head and neck cancers, 63,64 which have been recognized to be associated with tobacco and alcohol use, 63,64 
and interestingly, in oral dysplastic lesions at the precancerous stage. 65,66 Virgilio et al. 67 analyzed 26 head and neck cancer–derived cell lines for FHIT alterations by 
Southern blot analysis, RT-PCR, and interphase fluorescence in situ hybridization (FISH). Homozygous deletions within the FHIT gene were observed in three cell 
lines, aberrant transcripts were detected in 55% of them, and FISH analysis revealed the presence of more than one cellular population lacking portions of FHIT 
alleles in 65% of cell lines. Mao et al. 68 reported LOH at 3p14.2 in 81% of 16 head and neck cancer cell lines and abnormal FHIT expression in 45%.

Interstitial deletions of the short arm of chromosome 3 have been repeatedly detected in breast carcinomas by LOH and cytogenetics, and the minimal common 
deleted segment was 3p14.69,70 and 71 Similar deletions were also found in hyperproliferative breast disease and in situ ductal carcinoma, suggesting that 3p alterations 
are probably early events in breast carcinogenesis. 72,73 Analysis of a series of breast cancer cell lines and primary tumors revealed FHIT alterations, mainly consisting 
in aberrant transcripts, in approximately 30% of cases. 74 Involvement of FHIT in breast tumor development was confirmed by analysis of three benign proliferative 
breast disease samples with cytogenetic rearrangements of chromosome 3p14.75 The level of FHIT expression was either reduced or absent by RT-PCR analysis in 
samples with atypical hyperplasia, consistent with the hypothesis of a role for the FHIT gene in the early steps of tumorigenesis. Another study tested the level of Fhit 
protein expression in a group of 29 primary breast tumors in the normal and tumor epithelia of the same patients and in a second group of 156 primary breast 
carcinomas.41 This analysis found that more than 60% of the breast cancers displayed reduced or absent Fhit protein and that Fhit inactivation was associated with a 
poorly differentiated phenotype. 41

Greenspan et al. analyzed 7 cervical carcinoma cell lines and 35 primary cervical carcinoma by RT-PCR, Northern blot analysis, and immunohistochemistry. 42 Six of 
seven cell lines and 68% of primary tumors exhibited aberrant FHIT transcripts, and the same cases displayed markedly reduced Fhit protein by immunohistochemic 
analysis. Conversely, nonneoplastic squamous and glandular epithelium revealed strong Fhit positivity.

Finally, a study analyzing 19 pancreatic cancer cell lines and 21 primary tumors by RT-PCR, Western blot analysis, and immunohistochemistry found that 42% of the 
cell lines and 62% of the primary cancers displayed FHIT inactivation.76

In summary, these studies provide strong evidence that the FHIT gene is involved in a variety of epithelial tumors and that abnormalities in this gene are among the 
most common genetic changes occurring in human cancers; these studies also represent the first molecular evidence linking the instability of fragile sites to cancer. 
Of particular interest is the finding of FHIT alterations in the earliest stage of tumorigenesis and their association with carcinogen-induced tissue damage.

FHIT Alterations in Lung Cancer

Analysis of primary lung tumors for abnormalities of FHIT expression by RT-PCR showed that 80% of SCLCS and 42% of non–small cell lung cancers (NSCLCS) 



exhibited aberrant transcripts.77 The absence of FHIT exons 4 or 5 through 8 was the most common abnormality detected by sequencing these altered transcripts.

Eleven lung cancer cell lines were studied by Southern blot analysis, RT-PCR, Western blot analysis, and immunohistochemistry. 40 Southern blot analysis using 
cDNA and specific cosmid probes covering large intronic regions of FHIT revealed deletions or rearrangements involving exon 3, exon 4, intron 5, and a more distal 
region surrounding exon 6 in three cell lines. One cell line showed a homozygous deletion in intron 5. RT-PCR analysis showed complete absence of FHIT transcripts 
in three cell lines and a mixture of abnormal transcripts lacking exons 3 or 4 through 8 or 9 in two cell lines. Both normal-size and aberrant transcripts were present in 
six cell lines, and only two showed the wild-type transcript only. Western blot analysis revealed that indeed 9 of the 11 lung cell lines did not produce Fhit protein and 
immunocytochemistry displayed a clear cytoplasmic immunostaining in the two cell lines expressing Fhit. These data confirmed that immunohistochemistry is the 
simplest assay to investigate the involvement of the FHIT gene in lung tumors. Indeed, absence or reduction of Fhit protein expression was observed in cancer cell 
lines and tumors for which DNA or RNA alterations were not detected.

We have investigated 474 NSCLCs for the expression of Fhit by immunohistochemistry and found that 73% of tumors were negative ( Table 8.1; Figure 8.5), as were 
approximately 85% of dysplastic lesions ( Table 8.2).10 Fhit inactivation was significantly more common than p53 (46%), Egfr (50%), and Bcl2 (19%) overexpression, 
and was an independent biological marker. Notably, absence of Fhit protein was not related to p53 overexpression, thus indicating that Fhit and p53 inactivation 
represent independent biological pathways in lung cancer.

TABLE 8.1. LOSS OF Fhit EXPRESSION IN DIFFERENT HISTOLOGIC TYPES OF NON–SMALL CELL LUNG CANCER

FIGURE 8.5. Loss of Fhit expression in human non–small cell lung carcinoma (hNSCLC). As shown in (A), all cells of the normal bronchus stain positively with the 
anti-Fhit antibody. On the contrary, NSCLCs are negative for Fhit expression (B,C). (From Croce C, Sozzi G, Huebner K. Role of FHIT in human cancer. J Clin Oncol 
1999;17:1618; Sozzi G, Pastorino U, Moiraghi L, et al. Cancer Res 1998;58:5032, with permission.) (See Color Figure 8.5.)

TABLE 8.2. LOSS OF Fhit EXPRESSION IN BRONCHIAL DYSPLASIA

In the same study, a larger fraction of squamous-type carcinomas were Fhit negative compared with adenocarcinomas (87% versus 57%), whereas the other 
histotypes (large cell carcinoma, mucoepidermoid carcinoma) displayed an intermediate value (69%). Interestingly, adenocarcinomas had a strong association 
between the pattern of Fhit expression and the level of cell differentiation; positive immunostaining was shown in the more differentiated cells and weaker protein 
expression in the less differentiated areas of the tumor. Of relevance is the loss of Fhit expression in the earliest stages of the neoplastic process, indicating that Fhit 
loss is a very early event in lung carcinogenesis, as illustrated in the cartoon shown in Figure 8.6. This finding is particularly important because the highest frequency 
of Fhit loss of expression is observed in the squamous type of lung cancer, which is associated with bronchial dysplastic lesions. In fact, positive Fhit immunostaining 
was observed in 326 hyperplastic bronchial mucosa and in 78 squamous metaplasia lesions; however, in several cases of incomplete metaplasia, Fhit 
immunostaining was weaker then in normal bronchus. Modulation of Fhit expression was observed in the bronchial lesions of increasing grade, occurring in 34 
patients. A progressive loss of Fhit protein expression occurred in moderate and severe dysplasia lesions, whereas the mild dysplasia analyzed showed positive 
immunoreactivity. Negative immunostaining was observed in all of the 25 (100%) carcinoma in situ (CIS) lesions. Overall, 85% of dysplastic lesions and 93% of all the 
precancerous lesions analyzed showed negative Fhit immunostaining.



FIGURE 8.6. Tobacco smoking causes loss of function of the FHIT gene. Carcinogens present in tobacco smoke cause deletion in a FHIT allele. Continued exposure 
causes deletion in the second allele, leading to loss of Fhit expression. FHIT alterations and then mutations in p16, p53, and other loci cause precancerous lesions 
(bronchial dysplasia), some of which will later evolve into frank carcinomas. (From Huebrev K, Sozzi G, Brenner C, et al. FHIT loss in lung cancer: diagnostic and 
therapeutic implication. Adv Oncology 1999;15:3, with permission.) (See Color Figure 8.6.)

Of interest, p53 overexpression and loss of Fhit protein expression were concordant in these lesions. However, the frequency of Fhit-negative, high-grade preinvasive 
lesions (dysplasia and CIS) was significantly higher than that of p53 overexpression (93% versus 55%) and reflected that observed in tumors of the squamous type. 
Thus the level of sensitivity of Fhit immunostaining is higher than that achieved by p53 immunoreactivity in precancerous lesions. These findings reinforce the 
hypothesis that Fhit may act as a “gatekeeper” in the lung carcinogenetic process, and the similar temporal sequence of Fhit and p53 alterations in lung 
carcinogenesis points to a role for both pathways in lung carcinogenesis.

We also found that loss of Fhit expression was significantly more common in tumors occurring in smokers (75%) than in those of nonsmokers (39%), which was also 
true in the subset of adenocarcinoma patients ( Table 8.3). These results, together with other evidence discussed in the next section, indicate that Fhit alterations 
preferentially occurred in the tumors of heavy smokers and were not correlated with p53 mutations. Fhit expression did not seem to correlate with prognosis of 
squamous tumors, consistent with the role of Fhit in the initiation of the tumorigenic process rather than in the progression to invasive and metastatic disease.

TABLE 8.3. SMOKING AND LOSS OF Fhit EXPRESSION

Tomizawa et al.78 also found that Fhit loss correlated with the squamous cell subtype of lung cancer and smoking history but indicated poorer prognosis for patients 
with stage I NSCLC. This study also concluded that Fhit protein expression could be a marker of aggressiveness in stage I NSCLC. Although differing in several 
aspects, these two studies agree on important points: A larger proportion of squamous lung cancers showed Fhit inactivation; loss of Fhit protein expression was 
associated with a less differentiated morphology, especially in adenocarcinomas, and the FHIT gene is a preferential target of tobacco carcinogens.

A very recent study (Tseng JE, Proceedings AACR 1999, abstract #1228, page 184) investigated whether loss of Fhit expression is associated with prognosis in stage 
I NSCLC. Fhit levels were determined by immunohistochemistry in 86 specimens; 52% of NSCLC samples lacked Fhit immunostaining and 48% showed at least 
moderate staining. Loss or reduced staining was observed in multiple areas of preneoplastic lesions and even normal-appearing bronchial epithelium. However, Fhit 
expression status was not associated with disease-free survival or overall survival. The lack of association between Fhit expression and prognosis in NSCLC in this 
study may reflect the occurrence of alterations in the FHIT gene at an early stage in lung carcinogenesis.

The common loss of Fhit in early-stage NSCLC and preneoplastic lesions suggests a role for Fhit in initiation of lung cancer and indicates that assessment of Fhit 
protein could be an important aspect of screening programs (see also Chapter 23).

FHIT/FRA3B Alterations and Smoking Habits

We undertook molecular analysis of microsatellite alterations within the FHIT gene and FRA3B in lung tumors from heavy smokers and in tumors developed in 
never-smokers to seek genetic damage attributable to tobacco smoking.8 LOH affecting at least one locus of the FHIT gene was observed in 41 out of 51 tumors in 
the smokers group (80%) but in only 9 out of 40 tumors in the nonsmokers (22%) (p = 0.0001). These findings suggest that the FHIT gene is a preferential target of 
carcinogens in tobacco smoke and indicate the possibility of using LOH at FHIT and FRA3B as early molecular indicators of damage related to tobacco smoke in 
screening high-risk individuals, such as those belonging to the heavy smokers category. Accordingly, Nelson et al. 9 observed homozygous deletions of FHIT exons in 
13 of 30 (43%) microdissected primary lung cancers. These authors also observed an association of FHIT exon deletion with smoking duration and asbestos 
exposure.

Lung cancer is directly linked to smoking, and genetic changes similar to those observed in tumors can be detected in the normal bronchial epithelium of smokers or 
previous smokers. The association between LOH at 3p14.2 alleles and smoking history was investigated by many authors, and common agreement exists that 
deletions at the FHIT/FRA3B locus are early and common events in lung carcinogenesis and are associated with smoking history. 8,45,46 Mao et al.45 analyzed DNA 
microdissected from bronchial biopsies from 54 current and former smokers for LOH at three different loci within or near candidate lung tumor–suppressor genes 
(3p14, 9p21, and 17p13). Overall LOH tended to be more common in current smokers than in former smokers (82% versus 62%), but the difference was not 
statistically significant, indicating that cigarette smoke induces genetic alterations in the bronchial tissue that persist after smoking cessation. Current smokers, 
however, showed a higher frequency of loss at the 3p14 locus than former smokers, a finding that was attributed to reversal of squamous metaplasia following 
smoking cessation.

In a similar study, Wistuba et al. 46 obtained multiple biopsies from current smokers, former smokers, and nonsmokers without cancer. Fifteen microsatellite markers 
were used to assess LOH at five chromosomal arms. Eighty-six percent of subjects with a history of smoking demonstrated LOH in at least one biopsy specimen, 
whereas none of the nonsmokers showed genetic alterations. In addition, LOH at 3p and 9p was more common than LOH at other chromosomal loci. 46

Overall, these studies highlight the linkage between tobacco smoking and genetic alterations that initiate the process of carcinogenesis in the bronchial epithelium, 
and are followed by the accumulation of additional mutations during the neoplastic process leading to invasive and metastatic cancer. The studies also agree that 
deletions at chromosome 3p14.2 are common and early events in the carcinogenesis, being detected in precancerous lesions, and that FHIT is a preferential 
molecular target of carcinogens contained in tobacco smoke. Consistent with this finding is the low frequency (20%) of LOH at 3p14.2 in lung tumors from subjects 
who had never smoked.5,6 Thus the discovery that FHIT inactivation is an important determinant in lung tumorigenesis and represents an early step during the 
neoplastic process provides the basis for molecular approaches in screening, diagnosis, prognosis, and, possibly, treatment.

Diagnostic and Therapeutic Implications

As mentioned previously, lung cancer is the leading cause of cancer-death among men and women worldwide, and smoking is the single biggest risk factor. Because 
the diagnosis is often reached when lung cancer is at advanced stages, efforts to significantly decrease mortality, including new therapeutic approaches and early 
diagnosis, have been relatively unsuccessful. So far sputum cytology or screening by radiography, as means of early detection, have proved unsatisfactory. 79

The studies discussed previously have clearly shown that, similarly to other epithelial tumors, lung cancer evolves throught a multi-step process over time. The 
occurrence of these sequential genetic changes, which we are beginning to characterize and understand, can provide the basis for novel molecular diagnostic 



approaches.

Thus although alterations of almost every chromosome can be observed in lung cancers, deletions at chromosome 3p are commonly detected in both SCLC and 
NSCLC and in the earliest preneoplastic lesions of the bronchial epithelium. 10,77,78 As the malignant transformation progresses, mutations of p53, p16 inactivation, and 
mutations and deregulated expression of Ras, Egfr, Her2/neu, Bcl2, and Myc oncoproteins can be demonstrated. 7 In addition, LOH at multiple chromosomal loci and 
microsatellite instability occur at various frequencies in NSCLC and may serve as clonal markers for cancer detection. 7 The possibility of using such genetic markers 
for early detection of lung cancer has been suggested primarily for tissue biopsies 45,46,80,81 and exfoliated cells in sputum and bronchoalveolar lavage. 82,83,84 and 85 
Assessment of the level of Fhit protein in biopsy or cytologic specimens from smokers and former smokers could be included in screening programs to identify 
high-risk patients and to provide markers for prevention regimens.

Of particular interest is the presence of genetic alterations, mostly involving LOH at 3p14.2, in the respiratory mucosa of smokers, even in the absence of 
recognizable preneoplastic lesions. These changes gradually accumulate with duration of smoking and persist after smoking cessation, suggesting that the risk of 
developing lung cancer never returns to that of nonsmokers.

Despite pronouncements to the contrary,86,87 and 88 evidence is accumulating that the FHIT gene is a critical determinant in lung tumorigenesis and that it could be a 
long-awaited link between chromosomal fragile sites and cancer. The characterization of the FHIT/FRA3B locus is therefore likely to provide important means for the 
screening, diagnosis, and prognosis of lung cancer.

Because FRA3B is constitutively fragile, it might be supposed that this locus would be equally vulnerable to carcinogens in all individuals. However, polymorphisms 
that could confer increased fragility and susceptibility to lung cancer in certain subjects may be present within the FRA3B locus. The complete sequence of FRA3B 
may allow for definition and eventual screening of individuals for cancer risk. Moreover, knowing that a specific genetic alteration defines a true cancer risk factor and 
that it is easily detectable, could reinforce smoking cessation programs by providing a powerful screening tool.

Recent studies have demonstrated the possibility of detecting genetic alterations in plasma or serum DNA from patients with various cancers. In a recent study, 89 we 
looked for microsatellite alterations at the FHIT/FRA3B locus and other genomic loci in circulating plasma DNA of 87 stage I–III NSCLC and 14 controls. Sixty-one 
percent of the NSCLC patients showing allele shift and LOH in tumor samples also displayed a microsatellite change in plasma, irrespective of tumor size and stage, 
suggesting that circulating tumor DNA is present in early phases of lung tumor development.

Of interest, plasma DNA abnormalities were detectable in 43% of pathologic stage I and in 45% of cases with tumors up to 2 cm of maximum diameter. These findings 
highlight new prospects for early tumor detection by noninvasive screening procedures based on the analysis of genetic changes in plasma.

Finally, a long-term goal of research strategies in lung cancer is to directly modify lung cancer cells in order to restore the function of an altered gene product that 
suppresses the malignant phenotype. Candidate genes for replacement are those that are commonly altered in human cancers, inactivated in early phases of 
carcinogenesis, and/or involved in relevant cellular biochemic and biologic pathways. If we could identify the earliest genetic changes that initiate the process of 
malignant transformation, we might be able to detect these changes in premalignant lesions and develop novel therapeutic approaches to eliminate premalignant 
cells. The overall high frequency and precocity of Fhit loss in lung carcinogenesis and its role in controlling apoptosis prompt FHIT gene replacement as a gene 
therapy approach for early lesions accompanying lung carcinogenesis.
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A distinguishing biological feature of tumor cells is their ability to undergo unlimited cell divisions. The discovery that the enzyme telomerase plays a crucial role in 
immortalization has constituted a major advance in the biology of cell transformation and has offered insights into the pathogenesis of lung cancer. Further, it has 
highlighted the clinical relevance of telomerase activity as an important molecular marker of lung cancer and a potential target of therapy.

BIOLOGY OF TELOMERES AND TELOMERASE

Structure

Telomeres are DNA-protein complexes located at the end of linear chromosomes, made up of multiple repeats of the oligomeric sequence 5'-TTAGGG-3' which can 
be up to 15 kbases long1 and are associated with specialized nucleoproteins. 2 In the absence of telomerase activity, telomeres shorten with each cell division 
(end-replication problem). Telomerase is an RNA-dependent DNA polymerase (reverse transcriptase) specialized in the synthesis of telomeric repeats, an activity 
which cannot be carried out by conventional DNA polymerases. 3,4 and 5 Telomerase is composed of an RNA component and multiple associated proteins. 2 It is a unique 
polymerase in that its integral RNA component provides its own template for the synthesis of oligomeric repeats. Studies in Tetrahymena show that, in addition to 
acting as a template, this RNA component is endowed with regulatory functions, affecting the affinity of RNA binding to the catalytic protein and the fidelity of 
transcription.6,7 Cloned constituents of human telomerase include an RNA component named hTR8 and two associated proteins: hTERT (also named TP2 or 
hEST2),9,10 endowed with polymerase activity,11 and a telomerase-associated protein with unknown function, named TP1.12 The presence of homology between the 
TP2 component, the yeast homologue EST2, retroviral reverse transcriptases, and transposons, 5,13 in regions that are crucial for its polymerase activity, 11 points to a 
common evolutionary origin of these molecules. Reconstitution studies in vitro have shown that the minimal core complex still capable of telomerase activity is 
constituted by the RNA and the TP2 reverse transcriptase components.14

Tissue Expression

The availability of molecular probes has allowed the study at the cellular level of correlations between expression of telomerase constituents, proliferation, and 
differentation, in both normal and neoplastic tissues. This availability has also allowed the study of how expression of single telomerase components affects 
telomerase activity by allowing a comparison between cellular expression of telomerase components through in situ hybridization and immunohistochemistry and 
telomerase enzymatic activity assessed by the TRAP assay (see infra). Thus Yashima and colleagues15 have found that, by in situ hybridization, hTR expression is 
predominantly found in proliferating, undifferentiated tissue during embryogenesis. In contrast, differentiation is accompanied in most tissues by decreased or absent 
expression. In adult tissues, expression is restricted to actively dividing cells of gonads, lymphoid tissue, and epithelia. These include primary and secondary 
spermatocytes; ovarian follicular cells and oocytes; follicular center cells of lymphoid follicles; basal cells of respiratory epithelia and of keratinized and nonkeratinized 
squamous epithelia, including the skin; and intestinal crypt cells. In the normal lung, hTR is expressed in the basal cells of bronchi and in bronchioles. 15,16 An 
exception is provided by the presence of weak positivity for hTR in differentiated, nonproliferating ganglion cells in normal tissue, ganglioneuroblastomas, and 
ganglioneuromas.17 These studies show a general correlation between hTR expression, telomerase activity, and proliferative potential in normal tissues. Studies on 
the cellular localization of hTR in histologically preneoplastic lesions of the cervix, bronchi, and breast (see infra) also point to a direct correlation between hTR 
expression and proliferation. In addition, they highlight an indirect correlation with differentiation. Thus cervical dysplastic lesions, while showing a cellular 
redistribution of hTR positivity, also reveal that the lowest levels of positivity are found in the superficial, differentiated component of the dysplastic epithelium. 18 
Studies on germ cell tumors also point out an inverse correlation between differentiation and hTR expression. Differentiated tissue within ovarian germ cell tumors and 
mature testicular teratomas lacks detectable hTR expression by in situ hybridization.19 In contrast, germ cell cancers and immature teratomas show telomerase 
activity.20 Such an inverse correlation between telomerase activity and differentiation in germ cell tumors is supported by in vitro and in vivo studies.20,21

Use of reverse transcripture chain reaction (RT-PCR) has shown that hTR is also present in somatic tissues, although at much lower levels than in cancers and 
gonads.8 Analyses of the tissue distribution of hTR conducted by Northern blot (NB) have generally revealed a wider tissue distribution than those conducted by in situ
 hybridization. Thus Feng and co-workers found by NB that hTR was expressed in tissues such as brain and lung that are respectively negative or positive only in a 
small cell population. In situ hybridization, although less sensitive, offers the advantage of precisely localizing subsets of cells positive for hTR. Furthermore, a 
correlation exists between the presence of hTR and telomerase activity 16,22 when this is detected by the latter technique but not by NB. 23

The chromosomal site where the gene for hTR resides has been mapped to chromosome 3q26.3. Interestingly, this region is frequently overexpressed in head and 
neck squamous cell carcinomas,24,25 raising the prospect that increased levels of hTR found in tumors may be secondary to gene amplification.

These data highlight that telomerase activation is usually accompanied by upregulation of hTR levels. However, data exist supporting the view that control of levels of 
the hTERT component is the key element in regulating telomerase activity. Thus, immortalization is accompanied by upregulation of this component, and 
differentiation by its down-regulation; 10 and introduction of this component extends the recipient's cell life span. 26 Further evidence of an important role of this 
component in carcinogenesis is suggested by the frequent amplification of the 5p chromosome in approximately 70% of non–small cell lung carcinomas (NSCLC), 27,28 
where the EST2 gene resides at 5p.33. A comparative analysis by RT-PCR of all three components of human telomerase components in renal cell carcinomas reveals 
that the expression of hTERT is a critical determinant of telomerase activity in this cancer. Here, TP1 and hTR mRNA were constitutively expressed both in tumor and 
in normal tissue. In contrast, the expression of hTERT was found to be limited to cancer and correlated with telomerase activity. 29 Recently, the finding by 
immunohistochemistry of hTERT protein in colonic crypt cells, known to represent the proliferative component of this epithelium, further confirms the important role of 
this component in regulating telomerase activity. 30

Another mechanism of regulation of telomerase activity may be operating through telomerase inhibitors. 8,23 An inhibitor of telomerase activity has been demonstrated 
to reside on the short arm of chromosome 3 at 3p.21.2–3p21.3.24,31 This region frequently undergoes loss of heterozygosity in NSCLC 32 and has tumor suppressive 
ability in vitro,33,34 thus raising the prospect that it may act as a tumor suppressor gene in vivo. This hypothesis awaits further confirmation by a detailed mapping of 
the genes involved in the deletion.

The TRAP Assay

Telomerase activity was originally detected by the visualization of the direct enzymatic products generated by cell extracts in the presence of a synthetic primer and 
labeled nucleotides. The subsequent introduction of a different method of cell lysis (detergent-mediated lysis versus hypotonic shock) and, most important, of a 



polymerase chain reaction (PCR) step in the technique greatly enhanced the sensitivity of the telomeric repeat amplification protocol (TRAP) assay. 35 The oligomeres 
generated in the reaction, instead of being immediately separated and visualized by electrophoresis, are first used as templates in a PCR reaction, which allows their 
exponential amplification. The typical TRAP product appears as a “ladder” composed of multiple bands of increasing length, each differing from the other by 6bp, 
spanning the entire length of the gel. Telomerase activity is quantified by measuring the intensity of the generated bands, normalized for background activity. This 
modified technique is reported to be able to detect 10 –4 telomerase-positive cells in a mixed cell population. The high sensitivity of the TRAP assay, in conjunction 
with the differential expression of telomerase activity in normal versus cancer tissue, constitutes the premises for its potential clinical use as a marker of cancer, as 
discussed later. Recently, the development of an in situ version of this assay has been reported in the Japanese literature. 36

Function

Telomeres have multiple functions. Telomere integrity is crucial for maintenance of chromosomal stability, and for preventing chromosome fusions, translocations, and 
nondisjunctions.37 Telomere shortening constitutes an end point of oxidative stress, thus controlling ageing. Genetically transmitted human diseases characterized by 
early aging, such ataxia telangiectasia, and Down's syndrome, have all been described as showing accelerated telomeric attrition and a reduced proliferative life 
span.24 A large body of evidence, briefly reviewed here, further highlights that telomerase activity can control the cell's life span, and its deregulation constitutes a key 
event in cell transformation.

In vivo, differentiated cells do not proliferate and are constantly replaced by new cells. Examples of replicating cells include bone marrow stem cells, neck cells of the 
intestinal crypts, and basal cells of squamous epithelia. The extended proliferative potential of these cells allows for the generation of differentiated elements able to 
carry out specialized biological functions but incapable of division. It has long been known that in vitro, primary cell lines undergo senescence after a limited, set 
number of cell passages.38 In contrast, immortal cell lines have an unlimited proliferative potential. Advances in our knowledge of the interactions between 
telomerase, telomeres, and cell proliferation have shed new light on the molecular basis of this process. Namely, a host of data suggest that telomere length 
constitute the cell's clock to monitor the number of cell divisions it has gone through and that there is a correlation between telomere length, telomerase activity, and 
proliferative potential.

A progressive shortening of telomeric ends takes place with each cell division in mortal cells lacking telomerase activity, with a loss of approximately 50 bp per 
division for cultured human fibroblasts, until a critical telomere length is reached. When cells reach this point (named Mortality Stage 1) they stop proliferating and 
undergo senescence.39 Senescence is characterized by the inability of the cell to express transcription factors crucial in allowing progression into G1, such as c- fos 
and members of the E2F family, in addition to overexpression of the cyclin-dependent kinase inhibitors p21 and p16. 37 Whereas this model implies a link between 
telomere length, transcription factors, and kinase inhibitors in controlling cell cycle progression, the molecular details of this mechanism are unknown. It has been 
hypothesized that a short telomere may trigger a DNA damage response through a “sensor” molecule, and p53 is a candidate for this role. 40 Alternatively, a short 
telomere may directly bind transcription factors or indirectly repress the transcription of regulatory genes as a consequence of tridimensional changes in the DNA 
structure.37

Oncogene activation or tumor-suppressor gene inactivation allows somatic cells to bypass cell senescence, extending their life span. In particular, p53 and Rb are 
thought to have a crucial role in controlling this checkpoint. 41 With continuing cell divisions, telomeres become progressively shorter, until a critical length is reached 
and cells undergo a second crisis (Mortality Stage 2). Further proliferation and cell survival at this stage are critically dependent on the presence of telomerase 
activity, which appear spontaneously in vitro in rare tumor clones which become immortal.1,39

Activated lymphocytes are an exception among normal cells in that they express telomerase activity. 42,43 This has important clinical bearings, limiting the role of 
telomerase as a molecular marker of cancer (see infra).44 As for its biological relevance in the context of the presented model, it has been shown that lymphocytes 
lose telomeric DNA with cell proliferation, in spite of the presence of this telomerase activity. 43 These data highlight that low-level telomerase activity present in rare 
somatic cells is not sufficient to overcome the end-replication problem.

In contrast to mortal cells, germ cells and a great majority of spontaneously immortalized human cancer cell lines and human tumor specimens exhibit telomerase 
activity at a level sufficient to stabilize telomerase, 45,46 and have unlimited proliferative potential.

These data prompt a model envisioning progressive telomere shortening as a crucial factor determining cell senescence. This process is counterbalanced by 
telomerase activity which, by stabilizing telomere length, allows cells to undergo unlimited cell divisions. In tune with this model, telomerase activity is found in 
immortal cell lines but not in mortal ones in vitro. In vivo, it is restricted to cells with unlimited life span, including gonads, tumors cells, 39,46 and renovating cell subsets 
within differentiated epithelia. 15,39,47 This proposed association between unlimited life span and telomerase activity has been further confirmed by several in vitro data. 
The reverse transcriptase component of human telomerase has the ability to expand the recipient's cell life span when introduced in telomerase-negative retinal 
pigment and foreskin fibroblasts, 26 and its message is upregulated during immortalization. 10 Furthermore, transfection of the immortal HeLa cell line with an antisense 
to the RNA component of telomerase results in loss of telomeric DNA and cell death. 8

However, it should be stressed that the control of senescence is multifactorial. Thus four sets of genes acting as complementation groups were revealed by cell 
hybrids to control senescence.37 Further, inactivation of crucial tumor-suppressor genes such as p5340 and Rb is crucial in allowing continuing cell proliferation and 
transformation, despite critically short telomeres. 37 Particularly, it has been proposed that p53 may act as a “sensor” of telomere length. According to this model, p53 
deficiency allows cancer cells to escape the growth arrest that telomere shortening induces in normal cells by upregulation of wt p53.40 Unrestricted cell proliferation 
can occur in rare cases in the face of absent telomerase activity by alternative mechanisms of telomere lengthening. 48

Studies show that papilloma virus's E6 and E7 and SV40 constitute a convenient experimental model for the study of the molecular pathways of immortalization and 
have shed further light on this mechanism. It was previously assumed that papilloma virus–mediated immortalization depended entirely on the combined inactivation 
carried out by E6 and E7 of p5349 and Rb.50 In contrast, it has recently been demonstrated that the minimal requirement for immortalization of human keratinocytes or 
mammary epithelial cells is constituted by the combination of telomerase activation carried out by E6 and E7-induced Rb/p16 inactivation, and that p53 inactivation is 
dispensable.51 Further highlighting the multifactorial nature of cell transformation, cells transfected with the enzymatic component of telomerase hTERT have 
extended life span but are nontumorigenic.52,53 In contrast, it has been shown that the transformed phenotype can be reproduced by the transfection of an activated 
RAS and a large T in addition to hTERT. 54

These data highlight that acquisition of telomerase activity may constitute an obligatory step for the acquisition of an unlimited life span, but cooperation with other 
molecules is required to achieve immortalization and cell transformation. The molecular details of the interrelationships between telomerase activation and 
deregulation of other cell cycle–controlling molecules remain largely uncharacterized.

TELOMERASE IN LUNG CANCER

Telomerase in the Pathogenesis of Lung Cancer

The noninvasive lesions associated with the development of lung carcinoma are well characterized for squamous cell carcinoma both at the morphological 55 and at 
the molecular level (reviewed in Colby 56). Increasing molecular alterations have been described as occurring in these lesions, paralleling their increasing histological 
grades. These include alterations in cyclins D1 and E, 57 EGFR, and p53,58 and loss of heterozygosity at loci at chromosomes 3p, 9p-21 and 5q. 56,59 Only one study 
has addressed the timing, within this histological continuum, of telomerase deregulation. Yashima and colleagues studied the cellular distribution of the RNA 
component of human telomerase (hTR) in normal, preneoplastic, and invasive carcinoma. They found a correlation between hTR positivity as detected by in situ 
hybridization, and telomerase activity as detected by the TRAP assay. In normal lung, hTR expression is restricted to small bronchioles (23%) and the basal cells of 
bronchi (26%).16 In contrast, virtually all preneoplastic lesions show deregulated expression (20 out of 22). This is two-fold. First, a cellular redistribution of hTR is 
present. Thus, while positive only in the basal layer in normal bronchial mucosa and in the basal and parabasal layer in hyperplastic lesions, in dysplasia it becomes 
expressed throughout the entire thickness of the epithelium. A similar redistribution is also observed in cervical dysplasia. 18 This phenomenon reproduces the 
redistribution of epidismal growth factor receptor (EGFR) positivity observed in bronchial dysplasia by immunohistochemistry. 58 Second, low-level telomerase activity 
appeared in dysplasia. This was severalfold lower than that detected in invasive carcinoma; however carcinoma in situ (CIS) in the vicinity of invasive carcinoma had 



telomerase levels comparable to those of invasive carcinoma. Similar results were obtained in studies of preneoplatic lesions of the breast 22 and cervix uteri.18

Overall, these data highlight that increasing histological grades are associated with increasing telomerase activity and hTR expression in histological models of 
preneoplasia (see also Chapter 23). Because in these sites, including the bronchus, increasing proliferative rates are associated with increasing histological grades, 59

 these data also highlight an association between telomerase activity and proliferative rate. The positivity of the basal bronchial layer in normal and hyperplastic 
conditions for hTR is further in tune with this association, because this cell type is believed to play a crucial role in the turnover of the bronchial mucosa. 60 An 
intriguing association is also evident in this cell type between telomerase positivity and positivity for EGFR. 58 Interestingly, the basal cells of the skin, which are 
assumed to play the same role in the epithelium, are also reported to be positive for telomerase activity. 47

These observations seem further to indicate out that progression to invasive carcinoma is marked by a progressive increase in the level of telomerase activity rather 
than by its acquisition. Were this model confirmed, it would justify the employment of telomerase inhibitors as prevention agents to arrest the progression of 
preinvasive bronchial lesions to overt cancer in patients with bronchial dysplasia. This group of patients is rarely detected clinically yet comprises the target of early 
lung cancer detection screening programs.61

The view that invasive adenocarcinomas arise from noninvasive proliferative lesions of small bronchioles and alveoli, termed atypical alveolar hyperplasia (AAH) (see 
also Chapter 26) is substantiated by a large body of experimental and morphological evidence (reviewed in Colby 56). Only one study has studied telomerase 
activation in these lesions. Yashima and colleagues found that, although 23% of small bronchioles were positive for telomerase, the six samples of AAH examined 
were all negative. Yet overt invasive adenocarcinomas ( infra) frequently express telomerase activity. Furthermore, AAH lesions of different nuclear grades exist, and 
the occurrence of molecular alterations such as p53 accumulation has previously been shown to increase with nuclear grades in these lesions for p53.62 However, the 
nuclear grade of the lesions analyzed was not commented on in this small series. Thus further studies are needed to address the timing of telomerase activation in the 
pathogenesis of lung adenocarcinoma.

Telomerase in Invasive Lung Cancer

The data from the three major studies performed so far on telomerase in lung cancer are provided in Table 9.1. The incidence of telomerase positivity in NSCLC in 
these series ranges from 80%63,64 to 85% [84 of 99],65 compared with a range of positive expression in normal tissue of 0% 65 to 7.7%.64 Only Hiyama and associates 
have also analyzed small cell carcinomas (SSC)63 finding telomerase activity in all 11 cases examined. No significant differences in telomerase activity have been 
found in these series between squamous cell carcinomas, adenocarcinomas, and large cell undifferentiated carcinomas. In these series, the bronchioloalveolar 
carcinomas category has been incorporated with adenocarcinomas or within a third miscellaneous group. 64 However, in view of the distinctive clinical and pathological 
features of this histological type, 66 it would be intriguing to find out if its incidence of telomerase positivity is different from that of ordinary adenocarcinoma. A positive 
correlation between high telomerase activity and high pathological (TNM) stage has been reported in the only study analyzing the association between telomerase 
and clinical-pathological features in lung cancer ( Figure 9.1).65 This study confirms the association between telomerase activity and stage which has also been 
repeated in gastric67 and breast cancer68 and leukemias69 but not in renal cell carcinoma, 70 highlighting the importance of telomerase as a molecular cancer marker in 
these malignancies.

TABLE 9.1. REPORTED DISTRIBUTION OF TELOMERASE POSITIVITY IN RESECTED LUNG CANCER

FIGURE 9.1. Telomerase activity (average total product generated [TPG] +/- standard error of the mean [SEM]) was associated with tumor size and extension of the 
primary lesion (left pane, two-sided P = 0.03), the presence of lymph node metastasis (middle panel, two-sided P = 0.05), and pathologic TNM stage (right panel, 
two-sided P = 0.01) in non–small cell lung cancer. (From Albanell J, Lonardo F, Rusch V, et al. High telomerase activity in primary lung cancers: association with 
increased cell proliferation rates and advanced stage. J Natl Cancer Inst 1997;89:1609, with permission.)

A positive correlation has also been found between high telomerase activity and proliferative rate, determined by immunohistochemical stain for Ki-67, a nuclear 
antigen expressed only in proliferating cells. 71 This latter finding is in agreement with the demonstrated role of telomerase in the control of cell proliferation. However, 
though associated with proliferation, as discussed before, the expression of telomerase is likely to reflect immortality and therefore to constitute a more meaningful 
parameter than the proliferative rate as assessed by traditional pathological markers.

No associations were found by Albanell and associates 65 between the level of telomerase activity and tumor histological grade or the amount of lymphocytes 
infiltrating the tumor. This latter analysis was prompted by the reported [fcpositivity of activated lymphocytes for telomerase, 42 a finding that, as discussed later, 
hinders the use of this test in molecular staging. 72

Albanell and associates65 found that telomere lengths were not significantly different in groups with low, moderate, and high telomerase activity and were not 
associated with pathological stage. Furthermore, in 34 cases, telomere restriction fragments (TRFs) were determined in both tumor samples and adjacent normal 
tissue, revealing mean TRFs reduced in the tumor in 18% of cases and elongated in 6%. Peak TRFs were similar in tumor and normal tissue in 68% of cases, 
reduced in 24%, and elongated in 9% of cases. These data are in agreement with others, showing that many tumors have mean telomerase length similar to those of 
adjacent normal tissue.68,70,73,74 They are also in agreement with in vitro data showing that in tumor-derived cell lines there is no association between telomerase 
activity and telomere length. 63. Thus, telomere length alone is unlikely to be a predictor of cell immortality. 75

Though these data point out that telomerase activity is associated with tumor progression, not much is known about the specific molecular deregulation underlying 
such process. Interestingly, a statistically significant association between p53 positivity and presence of telomerase activity has also been found in NSCLC. 64 Further 
correlative studies are needed to define whether telomerase activation is significantly associated with deregulation of other cell cycle–controlling molecules and their 



nature.

TRAP Assay as a Molecular Test of Lung Cancer?

The widespread positivity of telomerase in human tumors, including lung cancer, and its infrequent positivity in nonneoplastic tissues have prompted investigations on 
its value as a molecular marker of cancer. These studies have addressed the value of positive telomerase activity in cytological specimens as a diagnostic test of 
cancer, as well as in lymph node tissue in patients with known cancer, for the purpose of molecular staging. The first line of investigation has been pursued in several 
organ systems, including the upper and lower aerodigestive system. Califano and colleagues 76 have studied oral rinses from 44 patients with head and neck SCC and 
found telomerase activity in 14 of them, in contrast to 1 of 22 rinses from control patients without cancer. Both primary tumor and oral rinses were analyzed in 19 
cases. A positive telomerase activity in the primary tumor was detected in 17 of 19 samples. Among these 17 telomerase-positive cases, activity was detected in both 
tumor and oral rinses in seven cases and only in the primary tumor in ten cases; no case showed telomerase activity only in oral rinses. 76 Thus, in this setting, the 
utility of telomerase as a cancer marker is severely hindered by its low sensitivity.

Three studies have addressed the role of detection of telomerase activity in cytological specimens in the diagnosis of lung cancer. The combined results, showing 
telomerase activity in benign versus neoplastic cases, are shown in Table 9.2. The reported rates of telomerase positivity in bronchiolaveolar lavage fluids from 
cancer patients ranged from 44% (14 of 34),77 to 82% (29 of 37),78 (18 of 22),79 with an overall positive percentage of 65% (61 of 93). In contrast, a study of the 
incidence of KRAS, p53 mutations, and microsatellite alterations and methylations of the p16 gene in bronchoalveolar lavage fluid from patients with lung cancer 
yielded a sensitivity of only 53% in the diagnosis of cancer. 72 The positivity for telomerase activity detected in cytological specimens from nonneoplastic pulmonary 
disease was of seven of 128 in the series by Hiyama and colleagues including four of 106 bronchoalveolar lavage fluids, which contained a large number of 
lymphocytes.77 Among 21 combined specimens from normal and inflammatory conditions, positive telomerase was found in two cases of sarcoidosis, two cases of 
tuberculosis, and two normal samples by Arai and associates. 78 Yahata and colleagues79 found no telomerase positivity in seven normal specimens and only one 
low-level positivity in 12 nonneoplastic conditions. Two studies compared the sensitivity of telomerase with that of cytology in the detection of lung cancer. Arai and 
associates78 found that the TRAP assay detected 29 of 37 clinically proven cancers, versus 24 of 37 for cytology. In the series of Yahata and colleagues 79 telomerase 
activity detected 18 of 22 cancer cases, cytological examination nine of 22. Interestingly, Yahata and colleagues 79 have combined a traditional TRAP assay with a 
recently modified in situ version of the assay. They found that the sensitivity of the assay significantly improved when both assays were combined.

TABLE 9.2. DISTRIBUTION OF TELOMERASE POSITIVITY IN BRONCHOALVEOLAR LAVAGE FLUID*

These results are particularly intriguing in view of the limited sensitivity of cytology alone 61 and of currently available molecular markers72 in the detection of lung 
cancer in cytology specimens. In particular they highlight the possibility that telomerase activity may complement currently available screening tests in the diagnostic 
workup of suspected lung cancer, a possibility that needs further testing in large clinical cohorts.

Only one study has addressed the role of detection of telomerase activity in the molecular staging of lung cancer. These authors found positivity in eight of nine 
histologically positive and 26 of 48 histologically negative nodes, including three of four lymph nodes found to contain cancer cells by the p53 plaque assay 
hybridization. In comparison, assessment of p53 mutations by plaque hybridization revealed positivity in three of three histologically positive and three of 27 
histologically negative nodes. Assessment of K RAS mutations revealed positivity in all six histologically positive nodes and in one of 21 histologically negative nodes. 
It is unlikely that all telomerase-positive, histologically negative lymph nodes harbor metastases, because these patients remained recurrence-free. 44 Furthermore, 
normal lymph nodes have been shown to contain telomerase activity. 42 These data thus show that the assessment of telomerase activity, while representing a 
promising molecular marker in the detection of suspected lung cancer, is of little utility in the molecular staging of NSCLC.

SUMMARY

The acquisition of telomerase activity represents a key event in the biology of immortalization in vitro and tumorigenesis in vivo, including the progression of 
preneoplastic bronchial lesions. Telomerase activity is an important molecular marker of lung cancer because it is present very rarely in the nonneoplastic lung, while 
appearing in more than or equal to 80% of NSCLC, where it correlates with tumor pathological stage and proliferative rate. Its assessment may thus help identify lung 
cancer patients with unfavorable pathological features and, in addition, potentially may assist the clinician in the diagnostic workup of suspected lung cancer. 
Furthermore, its ubiquitous role in carcinogenesis and its differential expression in normal and tumor cells make it an attractive target for novel therapeutic and/or 
chemopreventive intervention in overt and/or preinvasive lung cancer.
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Various growth factors and growth factor receptors have been implicated in the pathogenesis and progression of both small cell (SCLC) and non–small cell (NSCLC) 
lung cancer. Many of these factors and receptors are preferentially expressed by either SCLC or NSCLC cells, and their effects on proliferation are similarly cell-type 
specific. Growth factors generally act through interactions with specific membrane-associated receptors, resulting in the activation of intracellular signal transduction 
pathways that carry mitogenic signals to the nucleus where cell cycle activation leads to cellular division. These pathways are also involved in the transmission of 
survival signals that can maintain malignant clones by interfering with appropriate apoptotic, or cell death, signals. Therefore, the dysregulation of the expression or 
function of specific growth factors, receptors, or signal transduction mediators can result in uncontrolled proliferation and malignant transformation. Although most 
growth factors induce proliferation, several growth-inhibitory factors have also been identified. The production of autocrine growth factors by lung cancer cells plays 
an important role in the establishment and survival of primary tumors and metastatic deposits. Proof of an autocrine growth pathway requires the demonstration of 
growth factor production, specific receptor expression, and growth factor–mediated proliferation within a homogenous cell population. Growth factors secreted by 
tumor cells or associated stromal cells can also act in a paracrine fashion by interacting with specific receptors on neighboring cancer cells. Recent advances in our 
understanding of the specific pathways through which growth factors affect the survival and proliferation of cancer cells has allowed the development of novel, 
tumor-specific therapeutic strategies.

GROWTH FACTORS IMPLICATED IN SMALL CELL LUNG CANCER

SCLC cell lines (see also Chapter 18) can be categorized into two phenotypic subsets: classic and variant. The majority of SCLC cells exhibit a classic phenotype with 
a high degree of neuroendocrine differentiation. Variant cell lines are less differentiated and tend to have shorter doubling times and greater treatment resistance. In 
light of the neuroendocrine nature of SCLC, it is not surprising that a wide variety of neuropeptides and neuropeptide receptors are expressed by SCLC cell lines and 
tumors. Several of these neuropeptides have mitogenic potential and have been shown to be important mediators of SCLC proliferation ( Table 10.1).

TABLE 10.1. GROWTH FACTORS AND RECEPTORS IMPLICATED IN SMALL CELL LUNG CANCER

Bombesinlike Peptides

Gastrin-releasing peptide (GRP) is the 27-amino acid mammalian homologue of the 14-amino acid amphibian neuropeptide bombesin. The C-terminal region of these 
peptides is a highly conserved receptor-binding domain that allows interaction with a family of G-protein-coupled, membrane-associated receptors. Thus far, three 
mammalian bombesinlike peptide receptors have been identified: GRP receptor (GRP-R), neuromedin B receptor (NMB-R), and bombesin receptor subtype-3 
(BRS-3). Significant GRP expression has been reported in bronchial neuroendocrine cells and fetal, but not adult, lung preparations. 1,2 A role for inappropriate GRP 
expression in lung carcinogenesis was suggested by studies demonstrating that high levels of bombesinlike immunoreactivity (BLI) are present in bronchoalveolar 
lavage fluid from smokers,3 and that bombesin and GRP can induce the proliferation of normal human bronchial epithelial cells and classic SCLC xenografts in nude 
mice.4,5 and 6

Initial reports of BLI in SCLC cells led to the finding that most SCLC cell lines and tumors produce and secrete GRP, and that those lacking BLI generally exhibit a 
variant phenotype.7,8 and 9 The expression of GRP in SCLC cells is not constitutive, but is regulated by numerous factors, including several proteins found in nuclear 
extracts of classic, but not variant, SCLC cells that interact with cis-acting regulatory elements in the 5' flanking region of the GRP gene. 10,11 In addition, somatostatin 
down-regulates BLI in SCLC cells,12 whereas retinoic acid,13 vasoactive intestinal peptide,14 and corticotophin-releasing factor15 induce the expression of GRP. The 



complexity of the GRP signaling system was underscored by the finding that extensive alternate splicing and posttranslational processing of GRP mRNA result in the 
expression of multiple GRP gene-associated proteins in SCLC cells. 16,17 and 18

High-affinity GRP-R and NMB-R have been identified on most SCLC cells, whereas BRS-3 is expressed by a smaller subset of tumors. 19,20 In SCLC cells, the binding 
of bombesin or GRP to these receptors activates several G-proteins that initiate the second messenger cascade by hydrolyzing guanine nucleotides ( Figure 10.1). 
Activated G-protein complexes then activate phospholipase C-b (PLC), which cleaves phosphotidyl inositol 4,5-biphosphate (PIP 2) into inositol 1,4,5-triphosphate (IP 3) 
and 1,2-diacylglycerol (DAG).21,22 IP3 induces intracellular calcium ion mobilization, whereas DAG activates protein kinase C (PKC). 23,24 Mitogen-activated protein 
kinase (MAPK) pathways, including the c-jun amino-terminal kinase (JNK) and extracellular signal-regulated kinase (ERK) pathways, are activated by both 
PKC-dependent and -independent mechanisms, culminating in the transcriptional activation of early-response genes (c- fos, c-jun, c-myc), DNA synthesis, and 
mitosis.25,26 Neuropeptide receptors have also been shown to activate arachidonic acid signaling pathways, leading to an accumulation of cyclic AMP (cAMP). Further 
evidence of GRP's role as an autocrine growth factor in SCLC comes from studies in which the monoclonal antibody 2A11, with specificity for the C-terminus of 
bombesin, blocked GRP:GRP-R binding, inhibited clonal growth of SCLC cells in vitro, and induced the regression of human SCLC xenografts in nude mice.27 The 
expression of neuromedin B and its receptor, NMB-R, has been identified in some SCLC and NSCLC cells, and exogenous neuromedin B induces clonal proliferation 
in classic SCLC cell lines. 28,29

FIGURE 10.1. Schematic representation of neuropeptide-mediated signal transduction pathways. NP, neuropeptide growth factor; NPR, neuropeptide receptor; GPC, 
G-protein complex; PLC, phospholipase C; PIP2, phosphotidylinositol 4,5-bisphosphate; DAG, 1,2-diacylglycerol; IP3,, inositol 1,4,5-triphosphate; PKC, protein kinase 
C; MAPK, mitogen-activated protein kinase; JNK, c-jun amino-terminal kinase; ERK, extracellular signal-regulated kinase; PLA2, phospholipase A2; AA, arachidonic 
acid; PGF2, prostaglandin E2; cAMP, cyclic adenosine monophosphate. (From Woll PJ. Growth factors and lung cancer. In: Pass HI, Mitchell JB, Johnson DH, Turrisi 
AT, eds. Lung cancer: principles and practice, 1/e, Philadelphia: Lippincott-Raven, 1996:123, with permission.)

Although only a few NSCLC specimens have been reported to express GRP or BLI, 30,31 and 32 most NSCLCs do express either GRP-R or NMB-R,33,34 and activation of 
these receptors by bombesin can induce intracellular calcium ion shifts and PKC translocation. 35 However, despite a few reports suggesting that GRP can stimulate 
the growth of NSCLC cells, most studies have failed to demonstrate any GRP or bombesin-mediated mitogenic effects in NSCLC. 26,36

GRP has been evaluated as a clinical tumor marker for SCLC, with several trials reporting elevated plasma pro-GRP or GRP concentrations in more than 70% of 
patients with SCLC, but not in those with NSCLC.37,38 and 39 In addition, high levels of cerebrospinal fluid GRP were noted in 75% of SCLC patients with carcinomatous 
meningitis.40 However, most studies have found that low sensitivity and specificity severely limit the clinical utility of plasma GRP levels in patients with SCLC. 41,42

Although many other neuropeptides induce biochemical evidence of signal transduction pathway activation, such as mobilization of intracellular calcium ion stores, 
relatively few have been shown to enhance the proliferation of SCLC cells. 43,44 Among this latter group are vasopressin, bradykinin, cholecystokinin, gastrin, 
neurotensin, and galanin.

Vasopressin

Vasopressin, a hypothalamic nonapeptide, is a regulator of blood pressure and the adrenal axis, and is the major antidiuretic hormone (ADH) in humans. These 
physiologic functions are mediated through a family of vasopressin-specific receptors, V 1a, V1b, and V2, which are all expressed by most classic and variant SCLC cell 
lines.45 Activation of the V1a receptor results in an increase in cytosolic calcium ion concentrations and activation of PKC and phospholipases C, D, and A 2, whereas 
the V2 receptor acts through cAMP-coupled increases in protein kinase A (PKA). Vasopressin is produced by 67% of SCLC tumors, but not by NSCLC, and is 
responsible for the syndrome of inappropriate ADH secretion, which causes paraneoplastic hyponatremia in 11% of SCLC patients. 46,47 (see also Chapter 29.) 
Vasopressin enhances the clonal growth of classic SCLC cell lines, an effect that can be antagonized by synthetic substance P analogues, suggesting that it is an 
autocrine mediator of SCLC proliferation. 48,49 and 50

Bradykinin

Bradykinin is a nonapeptide that regulates diverse physiologic processes, including coagulation and nociceptive neurotransmission. Although few lung tumors 
produce bradykinin, normal lung tissue and many lung cancers do express B 2 bradykinin receptors. 51,52 Activation of B2 receptors by bradykinin in both SCLC and 
NSCLC cells results in cytosolic calcium ion flux and stimulation of growth through a PKCa pathway. 48,53,54 In light of these findings, long-acting, N-terminally-linked 
bradykinin antagonist dimers containing the novel amino acid, indanylglycine, were developed and shown to inhibit the growth of SCLC cells in vitro and in xenograft 
models through the induction of apoptosis. 55 It has been suggested that the anti-SCLC activity of these bradykinin antagonist dimers and of substance P analogues is 
caused by discordant signaling. Specifically, these compounds activate or inhibit specific G-proteins, resulting in the activation of JNK pathways without activating 
PLC or PKC, a signal transduction pattern that can stimulate apoptotic pathways. Additionally, the activity of bradykinin antagonist dimers is synergistic with that of 
standard chemotherapeutic agents, even in SCLC cells exhibiting a multidrug-resistance phenotype. 56

Gastrin and Cholecystokinin

Both gastrin and cholecystokinin (CCK) mediate their biologic activity through an identical C-terminal pentapeptide sequence that binds to CCK-B/gastrin receptors 
and, to a lesser extent, CCK-A receptors. Pro-gastrin is produced and processed by both SCLCs and NSCLCs, 57 but pre-pro-CCK and carboxyamidated bioactive 
CCK are expressed only by SCLC cells.58 CCK-B/gastrin receptors are present on most SCLC cells, but are rarely expressed by NSCLC, and only a few lung tumors 
have been reported to express CCK-A receptors.59,60 The concurrent expression of gastrin and CCK-B/gastrin receptors in many SCLCs has raised the possibility that 
they may be components of an autocrine loop. Both gastrin and CCK induce intracellular calcium ion shifts and stimulate proliferation of SCLC cells that possess 
CCK-B/gastrin receptors,61 and several CCK analogues have been reported to antagonize CCK-B/gastrin receptor-mediated signal transduction events in SCLC 
cells.62,63 CCK also enhances clonal growth through activation of CCK-A receptors in some SCLC cell lines. 64

Vasoactive Intestinal Peptide

Vasoactive intestinal peptide (VIP) is a 28-amino acid neuropeptide that binds to a transmembrane receptor and activates both G-protein- and cAMP-mediated signal 
transduction pathways. Expression of VIP occurs in approximately 50% of lung cancers and is a rare cause of paraneoplastic watery diarrhea. 65 The VIP receptor is 
expressed in normal lung alveoli, as well as by SCLC and NSCLC cell lines. 66 In NSCLC cell lines, VIP stimulates proliferation, 67,68 and a hybrid peptide consisting of 
the N-terminus of neurotensin fused to the C-terminus of VIP has been shown to antagonize VIP-mediated induction of cAMP and inhibit the growth of NSCLC cells 
and xenografts.69 In SCLC cells, VIP induces the secretion of GRP and has been reported to have both growth-stimulatory and -inhibitory potential, the latter of which 



is potentiated by an antibombesin monoclonal antibody. 70,71 and 72

Neurotensin

Neurotensin is a 13-amino acid neuropeptide that is expressed and processed by most classic SCLC cells, but not by variant SCLC or NSCLC cells. 73,74 Both 
neurotensin and the bioactive C-terminal fragment, NT(8–13), bind with high affinity to classic SCLC cells, resulting in the release of calcium from intracellular stores, 
PKC-dependent activation of ERK pathways, and enhancement of proliferation, suggesting an autocrine growth-stimulatory pathway. 48,75,76 and 77

Galanin

Galanin is a 29-amino acid polypeptide that is widely distributed in neurons and has diverse physiologic functions. In classic SCLC cells, galanin-mediated stimulation 
of clonal proliferation is associated with increases in intracellular calcium ion concentrations and inositol phosphatase activity, as well as activation of ERK pathways 
in a PKC-dependent manner.48,77,78

Tachykinins

The tachykinins are a group of neuropeptides that mediate a diverse range of biologic activities, including pulmonary inflammation and the proliferation of 
mesenchymal and epithelial cells. Tachykinin receptors, such as the NK1 receptor, have been identified in human bronchial epithelium and are linked to G-proteins 
that activate PLC signaling pathways. 79 Mammalian tachykinins, including substance P and the neurokinins, induce calcium ion mobilization in SCLC cells, but have 
little effect on DNA synthesis or proliferation. 80,81 A peptide with immunologic and biologic homology to the amphibian tachykinin, physalaemin, has been infrequently 
identified in human SCLC,82 and picomolar concentrations of physalaemin have been reported to inhibit the growth of both classic and variant SCLC cells. 80

Therapeutic Strategies Targeting Neuropeptide Pathways

The profound influence of GRP and other neuropeptides on SCLC proliferation has led to a variety of therapeutic strategies targeting relevant growth factor pathways. 
Thus far, the most extensively studied approaches involve receptor-specific and broad-spectrum neuropeptide antagonists. 83 Numerous peptide analogues of 
bombesin and GRP have been synthesized and evaluated for anticancer activity in SCLC cells. Among these compounds, short-chain peptides with homology to the 
C-terminal region of bombesin and GRP, especially those containing reduced peptide bonds, appear to possess the greatest antitumor activity. 84,85 These analogues 
interact specifically with GRP-R, competitively blocking bombesin/GRP binding and inhibiting bombesin/GRP-mediated calcium ion mobilization and PIP 2 turnover in 
classic SCLC cells.86,87 Receptor-specific antagonists also down-regulate the expression of GRP-R and epidermal growth (EGF-R) block DNA synthesis, and inhibit 
basal and bombesin/GRP-mediated proliferation in a cytostatic manner in some SCLC cell lines and xenografts. 88,89 and 90 However, receptor-specific neuropeptide 
antagonists are inactive against NSCLC cell lines and SCLC cells lacking expression of bombesin/GRP receptors. 88,90

Because the growth and survival of SCLC depends on the combined actions of a variety of neuropeptide growth factors, substantial effort has been directed toward 
the design of broad-spectrum neuropeptide antagonists. In this light, a variety of substance P peptide analogues have been developed and evaluated for activity in 
SCLC. These substance P antagonists inhibit neuropeptide-mediated calcium ion mobilization, protein tyrosine kinase activation, and DNA synthesis in SCLC cell 
lines.91,92 In addition, these compounds inhibit the growth induced by multiple neuropeptides, including bombesin/GRP vasopressin, bradykinin, cholecystokinin and 
others, in SCLC cell lines and xenografts. 83,93,94 and 95 Broad-spectrum substance P analogues are generally more potent inhibitors of SCLC growth than 
receptor-specific neuropeptide antagonists, despite being less potent inhibitors of neuropeptide binding and receptor activation. 83 In addition, the activity of substance 
P analogues does not consistently depend on the expression of neuropeptide receptors by the target cell, suggesting that these compounds may inhibit basal and 
neuropeptide-stimulated SCLC growth through unpredicted mechanisms. 81,96 The activity of full-length analogues, such as [D-Arg 1, D-Phe5, D-Trp7,9, Leu11] substance 
P (antagonist D), depends on relatively high antagonist concentrations, a finding that has hampered clinical development. In contrast, some short-chain analogues, 
such as [Arg6, D-Trp7,9, N-MePhe8] substance P(6,7,8,9,10 and 11) (antagonist G) and [D-MePhe 6, D-Trp7,9, Y10,11, Leu11] substance P(6-11) (NY3460), inhibit SCLC 
growth in vitro and in vivo at low micromolar concentrations.50,97,98 The activity of antagonist G is additive with that of the tyrosine kinase inhibitor, tyrphostin, 99 and 
NY3460 has recently been shown to be a potent inducer of apoptosis in some SCLC cell lines. 100 Preclinical evaluation of the metabolism, pharmacokinetics, and 
toxicity of antagonist G yielded favorable results, and a phase I–II clinical trial is currently underway. 101

Another therapeutic strategy aimed at interrupting autocrine growth loops in SCLC involves murine monoclonal antibody 2A11 directed against the C-terminal region 
of GRP. This antibody blocks bombesin-mediated PLC activation and PIP 2 turnover,87 and inhibits the growth of SCLC cells and xenografts that express at least one 
bombesin-family receptor.102 Recently, Kelley and colleagues reported a clinical trial in which monoclonal antibody 2A11 induced a complete response in a patient 
with relapsed SCLC.103 An alternate immunotherapeutic strategy involves the fusion of a GRP analogue with a monoclonal antibody directed against the Fc 1RI or 
Fc1RIII cytotoxic trigger molecules on immunologic effector cells. This immunoconjugate binds to SCLC cells that express GRP-R and attracts cytokine-activated 
monocytes and NK cells that mediate the lysis of the targeted SCLC cells in vitro.104 A similar approach utilizes an immunoconjugate in which the active domains of 
diphtheria toxin are fused to either GRP (DAB 389-GRP) or substance P (DAB389-SP). Exposure to nanomolar concentrations of DAB389-GRP or DAB389-SP results in 
the inhibition of both protein synthesis and proliferation in SCLC cells expressing GRP-R or NMB-R. 105

Second-messenger molecules can also serve as effective targets for the disruption of autocrine growth factor pathways. The recognition of the importance of protein 
phosphorylation in neuropeptide-mediated proliferative signal transduction pathways has led to studies evaluating the antitumor activity of kinase inhibitors. Several 
tyrosine kinase inhibitors, including the tyrphostins and genestein, inhibit basal and neuropeptide-mediated SCLC growth at low-micromolar levels, with the induction 
of p53- and bcl-2-independent apoptosis (see also Chapter 6) at higher concentrations.92,99 The serine/threonine kinase, p70 s6k, is constitutively active in classic 
SCLC cells and is involved in neuropeptide-mediated mitogenesis. Rapamycin, an immunosuppressant that inhibits p70 s6k phosphorylation and activation, induces the 
dephosphorylation of p70s6k and inhibits basal and galanin-stimulated proliferation in classic SCLC cells. 106

Neutral endopeptidase (CD10/NEP, CALLA, EC 3.4.24.11) is a cell surface metalloproteinase that regulates growth factor–mediated proliferation by hydrolyzing and 
inactivating many neuropeptides, including GRP, neurotensin, and bradykinin. A possible role for CD10/NEP in lung carcinogenesis has been suggested by the 
finding that cigarette smoke not only induces neuropeptide production but also inhibits CD10/NEP expression, leading to a dramatic increase in the concentration of 
neuropeptide growth factors in the bronchial epithelium of smokers. In addition, although CD10/NEP is highly expressed by normal airway epithelial cells, CD10/NEP 
mRNA and protein levels are low or absent in most SCLC and NSCLC tumors and cell lines. 107,108 In cultured NSCLC and human bronchial epithelial cells, the 
expression of CD10/NEP is inversely related to that of proliferating cell nuclear antigen (PCNA), 109 and the inhibition of CD10/NEP activity potentiates 
neuropeptide-induced signaling and cellular growth. 107,110 In vitro studies have shown that recombinant CD10/NEP inhibits neuropeptide-mediated calcium ion 
mobilization, DNA synthesis, and proliferation in most SCLC and NSCLC cells, but that this activity requires prolonged exposure to high concentrations of 
CD10/NEP.107,108,110 In vivo, high doses (10 mg/kg/day) of CD10/NEP administered intraperitoneally reversibly slowed the development of subcutaneous classic and 
variant SCLC xenografts in nude mice, but had no effect on large, established xenografts. 108

Somatostatin

The somatostatins physiologically inhibit the secretion of many amine and peptide hormones and growth factors. As such, they can act as growth-inhibitory factors for 
a variety of normal and malignant cell types that rely on autocrine growth factors. The activity of somatostatin is mediated through specific membrane-associated 
receptors, SST-R1 and SST-R2, that are expressed by a variety of cancers. These receptors are linked to G-protein signaling pathways that inhibit cAMP production 
and calcium ion influx and activate tyrosine phosphatases, thereby interfering with a range of proliferative signaling pathways. 111 Somatostatin expression has been 
detected in approximately 25% of SCLC cell lines and tumors, but is rare in NSCLC, 112,113 and 114 and 15% of patients with SCLC have elevated plasma levels of 
somatostatin.115 In addition, functional somatostatin receptors have been identified on most SCLC, but few NSCLC, cell lines and tumors. 116,117 and 118 Somatostatin 
inhibits VIP-induced autocrine growth factor release in classic SCLC cells, 119 but has no effect on the growth of Lewis lung carcinoma cells with an NSCLC 
phenotype.120 In light of the short half-life of natural somatostatins, several long-acting analogues with somatostatin agonist activity have been developed (e.g., 
octreotide, BIM 23014C, RC-160). These analogues inhibit the proliferation of some SCLC and NSCLC cells and xenografts in a cytostatic manner that is additive with 
cisplatin.121,122 and 123 Mechanistically, somatostatin agonists have been reported to inhibit growth factor–stimulated MAPK activation and to down-regulate EGF-R and 



IGF-I-R expression.90,124 However, their anticancer activity does not correlate with the expression of known somatostatin receptors, or with the inhibition of calcium ion 
influx or cAMP production.90,121,124 Clinical trials of octreotide have reported only one partial response in a total of 22 patients with SCLC. 121,125 Although the antitumor 
activity of somatostatin analogues has been disappointing, they have been effective in blocking hormone secretion and alleviating paraneoplastic syndromes 
associated with a variety of neuroendocrine tumors. The presence of somatostatin receptors in most SCLC tumors has also led to interest in the use of radiolabeled 
analogues for detection and staging; however, the clinical utility of such imaging studies is severely limited by low sensitivity in detecting metastatic foci. 126,127

Nerve Growth Factor

High-affinity receptors for nerve growth factor (NGF) have been identified in a subset of SCLC cells but not in NSCLC. 128,129 However, the biologic effects of NGF on 
SCLC remain unclear. One study found that NGF stimulated in vitro growth of several SCLC cell lines in a specific manner that was inhibited by anti-NGF antibodies 
and the tyrosine kinase inhibitor, genestein, 129 but a conflicting report suggested that NGF inhibited basal and nicotine-mediated SCLC proliferation and 
tumorigenicity.130

GROWTH FACTORS IMPLICATED IN NON–SMALL CELL LUNG CANCER

The factors and receptors involved in the regulation of NSCLC proliferation have also been identified as growth mediators in many other epithelial tumors ( Table 
10.2). The frequent dysregulation of these pathways in NSCLC and other malignancies suggests that they are important determinants of neoplastic growth and 
rational targets for novel anticancer strategies.

TABLE 10.2. GROWTH FACTORS AND RECEPTORS IMPLICATED IN NON-SMALL CELL LUNG CANCER

Epidermal Growth Factor Receptor and Its Ligands

EGF-R, a transmembrane receptor with tyrosine kinase activity encoded by the c- erbB-1 oncogene, can be activated by several ligands, including EGF, transforming 
growth factor a (TGFa), and amphiregulin. Both EGF and TGFa induce mitogenic signals through EGF-R, whereas amphiregulin is a bifunctional growth factor with 
both stimulatory and inhibitory potential. Normal lung tissue and many NSCLC tumors express EGF-R, TGFa, and amphiregulin, but most studies have failed to 
demonstrate significant expression of EGF-R or its ligands in SCLC. 131,132,133 and 134 Rusch and colleagues reported overexpression of EGF-R and TGFa relative to 
normal bronchial epithelium in 45% and 61% of NSCLC tumors, respectively, with co-overexpression in 38%. 135 In contrast, amphiregulin was underexpressed in 63% 
of tumors, with simultaneous EGF-R overexpression and amphiregulin underexpression in only 21%. Although EGF was not detected in any tumors in this study, 
another report noted overexpression of EGF in 50% of lung adenocarcinomas. 136 Studies demonstrating that the growth of NSCLC cell lines is enhanced by EGF or 
TGFa and inhibited by monoclonal antibodies directed against EGF-R or TGFa suggest that these molecules participate in autocrine or paracrine loops in 
NSCLC.137,138 and 139 Treatment of NSCLC cell lines with exogenous EGF results in rapid autophosphoylation of EGF-R followed by activation of MAPK pathways, 
including the ERK and JNK pathways, with subsequent enhancement of proliferation. 140,141 Inhibition of JNK pathways with specific antisense oligonucleotides blocked 
EGF-induced growth, whereas inhibition of ERK activity had no effect on proliferation, suggesting separable MAPK signaling pathway functions. 141

A role for TGFa in lung carcinogenesis has been suggested by reports that TGFa enhances tumorigenicity in lung epithelial cells expressing EGF-R and p185 HER2.142 
In addition, increased expression of TGFa has been associated with malignant transformation of SV-40 immortalized human bronchial epithelial cells (BEAS-2B) 
induced by tobacco-specific N-nitrosamines or cigarette smoke condensate. 143 Although some reports have noted an association between EGF-R expression and 
drug resistance, lymph node metastases, and shortened survival, 144,145 most studies have failed to demonstrate any prognostic significance for the expression of 
EGF-R or its ligands,135,146,147 suggesting that these factors modulate local tumor growth without affecting tumor progression or metastatic potential. However, in lung 
adenocarcinomas the expression of TGFa or EGF appeared to portend a poorer prognosis in patients whose tumors also expressed EGF-R, but not in those with 
EGF-R-negative tumors.136 In a recent study of 195 patients who underwent resection of a stage I–III NSCLC, multivariate analysis revealed that lymph node 
involvement, high microvessel counts and overexpression of amphiregulin correlated with poor prognosis, whereas overexpression of EGF-R, TGFa, and p185 HER2 did 
not.148

EGF-R-mediated proliferative pathways have become popular targets for experimental therapeutic interventions in NSCLC. A variety of anti-EGF-R monoclonal 
antibodies have been shown to block the binding of TGFa or EGF to EGF-R, and to inhibit EGF-R activation and the proliferation of NSCLC cell lines and 
xenografts.138,149 The growth-inhibitory activity of anti-EGF-R monoclonal antibodies can be augmented by combining them with GM3, an anti-tyrosine kinase 
ganglioside that further suppresses the activation of EGF-R. 150 Clinical trials have found that anti-EGF-R monoclonal antibodies localize to EGF-R-expressing lung 
tumors, down-regulate EGF-R tyrosine kinase activity in vivo, and have minimal toxicity.151,152 and 153 Anti-TGFa monoclonal antibodies also inhibit the proliferation of 
NSCLC cell lines.154 In addition, the experimental anticancer agent, suramin, can interfere with the binding of EGF or TGFa to EGF-R and can inhibit growth 
factor–induced DNA synthesis and proliferation in NSCLC cells. 139,155 TGFa-PE40, a recombinant fusion protein consisting of TGFa and a 40kD cytotoxic fragment of 
Pseudomonas exotoxin A that was designed to target EGF-R-expressing tumor cells, partially inhibited the growth of NSCLC colonies and xenografts, and its 
cytotoxicity was associated with the expression of EGF-R. 156,157 An EGF-R deletion-mutant with unique peptide sequences, EGF-R type III, has been identified in up to 
16% of NSCLCs, but not in normal lung tissue, suggesting that it may serve as a tumor-specific therapeutic target. 158,159 Strategies targeting the signal transduction 
pathways downstream of EGF-R are also being developed. Genestein, a naturally occurring tyrosine kinase inhibitor, abrogates EGF-induced receptor 
phosphorylation and MAPK activation and induces apoptosis in NSCLC cells. 140 Finally, the high level of expression of EGF-R in NSCLC cells has been exploited to 
develop an efficient gene therapy delivery system in which the gene of interest is fused to EGF. This EGF-DNA conjugate specifically targets EGF-R-expressing cells, 
resulting in efficient heterologous expression of the delivered gene. 160

HER2/neu

The HER2/neu (c-erbB-2) oncogene encodes p185HER2, a transmembrane growth factor receptor with tyrosine kinase activity that shares significant sequence 
homology with EGF-R (see also Chapter 4). Overexpression of p185HER2 occurs in 25% to 60% of NSCLC tumors and cell lines but not in SCLC.161,162 However, unlike 
the case in breast cancer and other tumors where gene amplification is the primary mode of HER2/neu dysregulation, gene amplification is rare event in NSCLC. 163,164

 Studies with transgenic mice and immortalized human bronchial epithelial cells have suggested that although overexpression of p185 HER2 appears to be involved in 
the development of neoplastic lung lesions, it is not sufficient for malignant transformation. 165,166 Transfection experiments have also shown that p185HER2 
overexpression results in increased invasiveness and metastatic potential in NSCLC cells. 167

P185HER2 has become a common target for novel therapeutic strategies because of reports that have identified an association between HER2/neu overexpression and 
advanced-stage disease or shortened survival in patients with NSCLC. 162,168 High levels of p185HER2 expression also appear to correlate with chemoresistance, and 
the treatment of p185HER2-overexpressing NSCLC cells with the tyrosine kinase inhibitors tyrphostin AG825 and emodin suppressed p185 HER2 activation and 



increased sensitivity to cisplatin, etoposide, and doxorubicin. 169,170 and 171 Similarly, the inhibition of p185 HER2 expression through the transfection of a HER2/neu 
antisense-containing vector suppressed growth and tumorigenicity of HER2/neu-expressing NSCLC cells.172 A murine monoclonal anti-p185HER2 antibody conjugated 
to gelonin, a potent ribosomal inhibitor, was also found to be a potent selective inhibitor of p185 HER2-positive NSCLC cell growth. 173 The significant clinical activity of 
Herceptin a humanized monoclonal antibody targeting p185 HER2, as a single agent and in combination with chemotherapy in patients with breast cancer, has led to 
substantial interest in applying this approach to patients with NSCLC. 174,175

Platelet-Derived Growth Factor

Platelet-derived growth factor (PDGF) is a chemotactic and growth factor for normal mesenchymal and endothelial cells. Most NSCLC cell lines and tumors express 
the PDGF A and B subunits, whereas SCLC cells do not.176,177 The available data on PDGF-receptors (PDGF-R) in lung tumors is less clear, with conflicting reports of 
frequent or rare expression in NSCLC.177,178 and 179 Most studies agree that coexpression of PDGF and PDGF-R is uncommon in lung cancer and that PDGF does not 
appear to mediate an autocrine proliferative effect. However, PDGF-R is highly expressed in stromal and endothelial cells within and around lung tumors, suggesting 
that tumor-derived PDGF may act in a paracrine manner to stimulate the development of tumor stroma and/or angiogenesis. 178

Parathyroid Hormone-Related Protein

A large percentage of squamous cell carcinomas of the lung produce parathyroid hormone-related protein (PTHrP), which is responsible for the clinical syndrome of 
paraneoplastic humoral hypercalcemia. 180,181 The expression of PTHrP is enhanced by TGFa and is associated with increased proliferation in some squamous cell 
lung cancer cell lines, suggesting an autocrine pathway. 182 PTHrP may also act as an autocrine regulator of differentiation in bronchioloalveolar carcinoma cells. 183

OTHER GROWTH FACTORS IMPLICATED IN LUNG CANCER

Insulinlike Growth Factors

Although insulin is essential for the serum-free propagation of SCLC and NSCLC cells in culture, it is probably not an important mediator of lung cancer growth in 
humans. The insulinlike growth factors, IGF-I and IGF-II, are polypeptides that share structural homology with insulin and mediate embryonic development, growth, 
and differentiation primarily through interactions with a high-affinity IGF-I-R membrane-associated receptor with tyrosine kinase activity. 184 A second receptor, 
IGF-II/M-6-PR, binds both IGF-I and IGF-II with a low affinity, but appears to lack intracellular signaling activity. The biologic activity of the IGFs is regulated by 
interactions with at least six IGF-binding proteins, IGF-BP1–6. The IGFs are predominantly produced in the liver and exert physiologic autocrine and paracrine effects 
in most organs, including the lung. Secretion of a precursor-form of IGF-II by some tumors is a rare cause of paraneoplastic hypoglycemia. A role for the IGF 
pathways in carcinogenesis is supported by the finding that the overexpression of IGF-I-R induces IGF-dependent cellular transformation. 185

Nearly all lung cancer cell lines and tumors express both types of IGF receptors, 186,187,188 and 189 and IGF-I-R mediates the invasiveness and metastatic potential of 
Lewis lung carcinoma cells.190 Although IGF-I is expressed by most SCLC and NSCLC cell lines and tumors, few lung cancer cells actually secrete IGF-I. 191,192 and 193 In 
contrast, IGF-I is secreted by lung fibroblasts and can stimulate the proliferation of both SCLC and NSCLC cells in vitro, suggesting that IGF-I affects lung cancer 
growth in a paracrine, rather than an autocrine, manner. 189,192,194,195 IGF-II, which is expressed and secreted by most SCLC and NSCLC cell lines, 191,196 preferentially 
binds the active IGF-I-R instead of IGF-II/M-6-PR 197 and is a more potent mitogen than IGF-I in NSCLC cells, 198 suggesting that IGF-II participates in an autocrine 
growth pathway in NSCLC. In addition to its effects on tumor cell growth, recent studies have noted that IGF-II also promotes the proliferation of vascular endothelial 
cells.199 The potential pathophysiologic role of the IGFs in SCLC is less clear because both IGF-I and IGF-II preferentially bind to membrane-associated IGF-BP2, 
rather than IGF-I-R, without inducing proliferation in SCLC cells. 198 The IGF-BPs are differentially expressed by SCLC and NSCLC cell lines, but conflicting reports on 
individual IGF-BP expression and our lack of understanding of their specific functions make it difficult to explain their possible role in lung cancer. 191,198,200,201 Studies 
evaluating the potential use of IGFs or IGF-BPs as tumor markers have found that although plasma levels of IGF-I are not elevated in patients with lung cancer, 93% 
of patients with SCLC or NSCLC have elevated plasma concentrations of IGF-BP. 202

The apparent importance of the IGF-I-R signaling pathway in lung cancer led to the development of an IGF-I-R-antisense-containing adenoviral vector that inhibits the 
proliferation of NSCLC cells and improves survival in mice with human NSCLC xenografts. 203 Other potential therapeutic approaches targeting the IGF pathway that 
have been shown to inhibit the growth of NSCLC cells include aIR-3, a monoclonal antibody specific for IGF-I-R, 204 and distamycin A derivatives that block the binding 
of IGF to IGF-I-R.205

Transforming Growth Factor b

The transforming growth factor b (TGFb) family consists of several growth factors and receptors with pleiotropic effects on growth and differentiation in normal and 
malignant cells. The TGFb-receptors (TGFb-RI, -RII, and -RIII) are serine/threonine kinases that induce p21 WAFI expression and cell cycle arrest. In normal 
tracheobronchial epithelial cells, TGFb inhibits growth and regulates normal mucoepithelial differentiation. 206 The dysregulation of TGFb pathways has been 
implicated in the pathogenesis of lung cancer, and the role of TGFb as an autocrine tumor suppressor is supported by the finding that the development of 
urethane-induced pulmonary adenomas in A/J mice is preceded by the down-regulation of TGFb-RII expression. 207 In addition, transgenic mice expressing a 
dominant-negative mutant TGFb-RII exhibit a higher frequency of lung and breast tumors after carcinogen exposure than nonengineered controls. 208 Most SCLC and 
NSCLC cell lines and tumors express TGFb, primarily as TGFb. 209,210 and 211 TGFb1 inhibits the growth of SCLC and NSCLC cells and xenografts, 212,213 and can 
enhance the cytotoxicity of DNA-damaging agents, such as gamma irradiation and cisplatin. 214 TGFb1 also increases the motility and invasiveness of NSCLC cells in 
vitro215 and suppresses IL-2-dependent T-lymphocyte proliferation, 216 suggesting a role for TGFb in lung cancer progression and immunosuppression, respectively. 
Although many lung cancers express TGFb-receptors,209,210 TGFb-RII expression is often suppressed, and resistance to the growth-inhibitory effects of TGFb is 
associated with the loss of TGFb-RII expression. 213,217,218 It has been suggested that TGFb may be a useful prognostic factor in lung cancer because patients with 
NSCLC whose tumors express high levels of TGFb or have concordant expression of TGFb and p21 WAFI (i.e., both high or low) appear to have better survival rates 
than patients with low TGFb or discordant expression. 219,220

Opioids and Nicotine

The discovery of opioid and nicotine responsive signaling pathways in lung cancer cells led to important insights into the potential role of the dysregulation of growth 
factor pathways by tobacco carcinogens in the development of lung cancer. Both SCLC and NSCLC cells express natural opioids, including b-endorphin and 
enkephalin, along with high-affinity d, k, and m opioid receptors. 221,222 Proopiomelanocortin, the precursor of b-endorphin, is produced by one-third of SCLCs and 
two-thirds of pulmonary carcinoids.223 Opioid agonists act as negative regulators of lung cancer growth, and exposure to nicotine abrogates the tumor-suppressive 
activity of autocrine opioids. 222 In some SCLC cells, b-endorphin enhances proliferation through activation of atypical opioid signaling pathways. 224

Pulmonary neuroendocrine cells and tumors, including SCLC, express neuronal-type nicotinic acetylcholine receptors (nAChR) that regulate cation flux directly and 
through interactions with voltage-sensitive calcium channels. 225,226 These receptors can be activated by nicotine or nicotine-derived N-nitrosamines, such as NNK, 
resulting in increased proliferation of normal and malignant neuroendocrine cells, suggesting that chronic nicotine exposure may play a role in the promotion of 
pulmonary neoplasms.227,228 and 229 In a Syrian hamster model, the mitogenic effect of nicotine plus elevated pCO 2 on pulmonary neuroendocrine cells was blocked by 
nAChR antagonists,230 and the combination of nicotine or NNK and chronic hyperoxia, which induces emphysematous lung injury, resulted in neuroendocrine lung 
tumors.231 In SCLC cells, nicotine has been shown to alter the balance between cellular proliferation and death by activating MAPK and PKC growth-stimulatory 
pathways and by inducing the expression of bcl-2, an inhibitor of apoptosis. 232,233 In addition, nicotine-mediated proliferation in SCLC cells is associated with 
increased expression of serotonin, a neuropeptide that stimulates SCLC growth through an autocrine mechanism, suggesting that both nicotinic and serotonergic 
receptors are potential targets for therapeutic or chemopreventive interventions. 234

Hepatocyte Growth Factor

Hepatocyte growth factor (HGF), the ligand for the receptor product of the c- met protooncogene, is a physiologic mediator of angiogenesis, cellular motility, and 



invasion. HGF is expressed by normal bronchial epithelial cells and most NSCLC tumors but is rarely produced by SCLC cells. 235,236 and 237 C-met is expressed in 
nearly all SCLC and NSCLC cell lines and tumors, but overexpression relative to normal bronchial epithelium has been demonstrated in only 25% to 50% of NSCLC 
specimens.235,236,237 and 238 Conflicting studies have reported that HGF can either enhance or inhibit the proliferation of NSCLC and SCLC cells, with growth stimulation 
occurring through calcium-independent pathways.239,240,241 and 242 In contrast, HGF consistently potentiates the in vitro motility and invasiveness of lung cancer cells and 
normal bronchial epithelial cells, 239,241 suggesting that the HGF-c-met pathway may mediate lung cancer progression rather than proliferation. In support of this 
concept, high levels of HGF and c- met expression have been identified as negative prognostic factors in patients with resected early-stage NSCLC. 243

Sex-Steroid Hormones and Receptors

The finding that women with lung cancer have better stage-specific survival than men has led to the study of sex-steroid hormones and their receptors in lung cancer. 
Androgen-receptor (AR) expression has been reported in most NSCLC and a few SCLC cell lines, and testosterone can stimulate the growth of AR-expressing SCLC 
cells.244,245 Progesterone receptors are expressed in many NSCLC samples, but not in SCLC.245,246 and 247 Although most NSCLC cell lines and tumors exhibit 
estrogen-receptor (ER) immunoreactivity,248,249 recent studies have shown that this reaction is primarily caused by the expression of p29 ER-related protein or type II 
estrogen-binding sites, and that very few NSCLCs actually express ER. 246,247,250 Nevertheless, tamoxifen, an anti-estrogen, inhibits the growth of NSCLC cells in 
culture,251 and the intensity of p29 expression is directly associated with poor survival in women, but not men, with NSCLC. 250

Transferrin

Iron is required for cellular proliferation, and transferrin—a glycoprotein that transports iron through interactions with transferrin receptors—is an essential factor for 
the in vitro growth of both SCLC and NSCLC cells in serum-free media. 252,253 Transferrin is produced by normal lung cells in culture and can act in a paracrine fashion 
to support tumor cell growth.254 The expression of transferrin receptors, which are found in more than 75% of NSCLC tumors, is associated with increased mitotic 
activity and poor prognosis.255,256 In addition, transferrin has autocrine growth-stimulatory activity in SCLC cell lines that express both transferrin and transferrin 
receptors.257,258

CYTOKINES IMPLICATED IN LUNG CANCER

Hematopoietic Growth Factors

The hematopoietic growth factors were initially characterized based on their ability to stimulate the growth and differentiation of specific subsets of hematopoietic 
progenitor cells. Subsequently, these factors have also been found to influence the biologic properties of some normal and malignant epithelial cells. The expression 
of granulocyte colony-stimulating factor (G-CSF) and its receptor have been reported in a small subset of SCLC and NSCLC cell lines and tumors. 259,260 In contrast, 
granulocyte-macrophage colony-stimulating factor (GM-CSF) is produced by both normal bronchial epithelial cells and about one-half of NSCLC tumors and cell lines, 
and several NSCLC and SCLC cell lines express GM-CSF receptors. 261,262 Exposure to G-CSF or GM-CSF enhanced in vitro proliferation in at least 10 lung cancer 
cell lines, mostly of the small cell phenotype. 259,262,263,264 and 265 However, these cytokines are not likely important activators of lung cancer cell proliferation because the 
growth of most SCLC and NSCLC cell lines is not affected by exposure to G-CSF or GM-CSF. 261,266,267 and 268 Interestingly, both GM-CSF and interleukin-3 (IL-3) 
stimulated the growth of one SCLC cell line in vitro, but they failed to affect the growth of these cells in an in vivo xenograft model.269 Despite the concerns raised by 
some of these studies, numerous clinical trials have not revealed any adverse consequences resulting from the use of G-CSF or GM-CSF in patients with SCLC.

Cytokines can influence cellular properties other than proliferation. GM-CSF has been shown to enhance the in vitro invasiveness and in vivo metastatic potential of 
murine Lewis lung carcinoma cells through activation of PKA pathways.270 In addition, GM-CSF increases the production of matrix metalloproteinases in human 
squamous cell lung carcinoma cells, and both GM-CSF and G-CSF can enhance the in vitro invasiveness of human NSCLC cells.261,271 Macrophage-CSF (M-CSF, 
CSF-1) and its receptor, CSF-1R, the product of the c- fms oncogene, mediate normal macrophage invasiveness. In NSCLC cells expressing CSF-1R, M-CSF 
increases basement membrane invasiveness in vitro.272 However, the expression of heterologous M-CSF in human squamous and SCLC cell lines decreased 
hematogenous and lymphatic metastases in in vivo xenograft models,273 and treatment of mice bearing subcutaneous Lewis lung carcinoma transplants with M-CSF 
results in fewer pulmonary metastases.274 The effect of M-CSF on metastasis may be immune-mediated, as suggested by a study in which the pretreatment of mice 
with irradiated Lewis lung cancer cells that were engineered to express heterologous M-CSF resulted in the inhibition of tumor formation after subsequent injection of 
untreated Lewis lung cancer cells. 275

Lymphokines

The proliferation of most lung cancer cell lines appears to be unaffected by interleukins (IL-1, IL-2, IL-3, IL-4, IL-6) and interferons (IFNa, IFNb, IFNg). 266,267,276 
However, IL-3 can stimulate the growth of some SCLC cell lines that express IL-3 receptors, and it can partially inhibit the cytotoxic effects of cisplatin and 
doxorubicin.267,277 In addition, IL-6 inhibits and anti-IL-6 antibodies enhance the proliferation of some NSCLC cells that express IL-6 and IL-6 receptors, suggesting an 
autocrine growth-inhibitory loop. 278 The finding that NSCLC cells are less sensitive to the inhibitory effects of IL-6 than are normal bronchial epithelial cells also 
suggests that escape from autocrine IL-6 control may be involved in lung carcinogenesis. Finally, TNFa and IL-1b, which are induced by retinoic acid, can inhibit the 
growth of lung cancer cells in vitro, and the inhibitory activity of TNFa can be potentiated by IFNg. 266,279

Stem Cell Factor and c-Kit

Stem cell factor (SCF), a growth and differentiation factor that affects multiple hematopoietic lineages, and its receptor, the product of the c- kit oncogene, are 
coexpressed by at least 70% of SCLC cell lines and tumors235,280,281 and constitute an autocrine loop that can cooperate with other growth factor pathways in SCLC. 282 
In contrast, c-kit is not expressed by normal bronchial epithelial cells, 281,283 and only 15% of NSCLC tumors coexpress SCF and c-kit.284 SCF mediates both 
proliferation and chemotaxis in SCLC cells that express c- kit, suggesting that the c-kit pathway is a rational therapeutic target. 284,285 Antisense oligonucleotides 
targeting c-kit and SCF inhibited the growth of NSCLC cells that coexpress c- kit and SCF.286 In addition, infection of SCLC cells that express c- kit with a c-kit 
antisense-containing adenoviral vector significantly inhibited cellular proliferation. 287 Krystal and colleagues demonstrated that AG1296, a tyrosine kinase inhibitor 
that is relatively selective for c-kit, induced apoptosis in SCLC cells that coexpress c- kit and SCF.288 These investigators also reported that activation of kit by SCF 
enhanced the activity of lck, a src-family tyrosine kinase, and that treatment of SCLC cells with PP1, a lck-selective inhibitor of src-family kinases, antagonized 
SCF-mediated proliferation and inhibition of apoptosis. 289

CONCLUSION

Recent advances in our understanding of the signaling pathways that regulate the survival and proliferation of both small cell and non–small cell lung cancer have 
allowed the development of a wide variety of therapeutic strategies designed to specifically target various components of these pathways, including growth factors, 
growth factor receptors, and second messenger molecules (Table 10.3). Although the ultimate clinical utility of these approaches has yet to be determined, future 
advances in the prevention and therapy of cancer will depend on further research aimed at expanding our knowledge of the cellular and molecular determinants of the 
malignant phenotype.
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As a route for nutrients, oxygen, and metastasis, blood vessels are an integral component of malignant solid tumors. Angiogenesis is the phenomenon of the 
development of new blood vessels from preexisting blood vessels (Figure 11.1). Development of metastases includes many steps, among which are angiogenesis and 
growth of tumor cells in the primary site, followed by invasion, intravasation, transport, arrest, attachment, and extravasation. The same series of steps, including 
angiogenesis and growth, should occur at the metastatic site. Theoretical simulations have led us to believe that tumors with rich vascularization are likely to have 
faster growth and higher risk of distant metastasis compared to those with poor vascularization. Tumor angiogenesis is of particular interest not only as a promising 
prognostic indicator but also as a target for possible innovative therapeutic interventions against tumor growth and metastasis. Folkman has been foremost in the 
concept that tumor growth is angiogenesis-dependent and that the acquisition of an angiogenic phenotype clearly has a decisive meaning in the development of 
tumor cells.1,2 His hypotheses were first substantiated when he proved that tumors grown in isolated perfused organs without proliferating blood vessels were limited 
to 1 to 2 mm3, but expanded rapidly after vascularization in an in vivo model system.3

FIGURE 11.1. Schematic sequential steps of the metastatic cascade.

Among the many reported angiogenesis-associated factors, vascular endothelial growth factor (VEGF) is the most powerful endothelial cell-specific mitogen that is 
associated with tumor neovascularization. This novel angiogenic stimulator has a peculiar background in that it was originally detected as a vascular permeability 
factor in malignant ascites fluid in 1983 4 To date, two definite VEGF receptors, kinase insert domain-containing receptor (KDR)/Flk-1 and fms-like tyrosine kinase 
1(flt-1), have been identified in its signal transduction pathways. 5,6,7 and 8 Several factors that are related to the regulation of VEGF expression have also been 
identified. Transforming growth factor (TGF)-b, epidermal growth factor (EGF), platelet-derived growth factor (PDGF), and basic fibroblast growth factor (bFGF), which 
are all angiogenesis stimulators, appear to be major stimulants of VEGF expression. 9,10 Recent studies have also revealed a connection between mutant p53, 
mutations in the H-ras or K-ras oncogene, and Src oncogene and the stimulation of VEGF expression in tumor angiogenesis. 11,12,13 and 14 These results suggest that 
VEGF participates in the key role of tumor angiogenesis. In this chapter, we highlight VEGF/vascular permeability factor expression in primary lung cancer, outlining 
clinical implications that are just being realized. The areas that are covered include (a) intratumoral microvessel density and its clinical implications in primary lung 
cancer, (b) tumor angiogenesis and VEGF expression in lung cancer, (c) the association of VEGF expression with metastasis, (d) assessment of lymphatic vessel 
density in tumor tissue and its association with VEGF family expressions, (e) other angiogenesis-associated agents that appear to take part in the progression of lung 
cancer, and (f) inhibition of angiogenesis for cancer treatment.

NEOVASCULARIZATION ASSESSED BY INTRATUMORAL MICROVESSEL DENSITY IN PRIMARY LUNG CANCER—ITS CLINICAL 
IMPLICATIONS

In primary lung cancer, Macchiarini et al. first observed a relationship between neovascularization of tumors in early stages and metastasis in 1992. 15 In this study, 
neovascularization was assessed by counting microvessels by using anti-Factor VIII (FVIII) immunohistochemistry in the most vascularized “hotspot” area. In 1994, 
Yamazaki and colleagues found that microvessel density similarly assessed by FVIII was positively correlated to the relapse of patients with lung adenocarcinoma 
after resection. These authors also suggested that intratumoral microvessel counts were associated with the aggressiveness of the tumor. 16 Since then, many reports 
have assessed the impact of intratumoral microvessel density on the prognosis in primary lung cancer, and some researchers have found that intratumoral vascularity 
has a close relationship to poor prognosis in the assessment of overall survival or disease-free intervals. 17,18,19,20,21 and 22 However, not all studies agree with the 
concept of microvessel density as prognostic in lung cancer. 23,24 and 25 This inconsistency may partly be a result of the lack of homogeneity of experimental methods 
and/or conditions, heterogeneity of angiogenesis in samples used, and the character of markers mostly used for the detection of endothelial cells that recognize both 
blood and lymphatic vessels.

Harpole et al. studied 275 consecutive non–small cell lung cancer (NSCLC) patients with stage I disease using anti-FVIII immunohistochemistry and found an 
increased positive correlation between microvessel density and poor outcome of the patients. 18 Giatromanolaki et al. studied 134 NSCLC patients with stage I–II 
diseases using both anti-FVIII and anti-CD31 antibodies, also revealing a positive correlation with poor prognosis. 20 Duarte et al. also found a significant association 
between vascularization assessed by anti-FVIII antibody and cancer-related mortality rate in 106 patients with stage I NSCLC. 22 Ohta, using 104 randomly selected 
stage I NSCLC patients with or without recurrence for a follow-up period of at least 5 years, reported that the mean microvessel density in tumors with recurrence was 
significantly greater than that in tumors without recurrence (18.2 ° 10.5 versus 8.5 ° 5.0, p < 0.0001). 26 Vascularity may be able to reduce the risk of recurrence of lung 
cancer with curative resections in early stages. The limitations of FVIII analysis are well described. FVIII antigen is not necessarily expressed in all endothelial cells 
and is actually consumed by the endothelium of newly formed capillaries. In addition, the endothelial cells from microvessels are inferior to those from macrovessels 
in the expression of Weibel-Palade bodies, which store factor VIII antigen. 27

Research using other antibodies has confirmed a similar significant association between intratumoral microvessel density and prognosis. For example, using 
anti-CD34 monoclonal antibody (which has a higher specificity compared to anti-FVIII), Fontanini reported that microvessel count was an independent prognostic 
indicator among 195 patients with stage I–IIIA NSCLC.21 Conventional wisdom, therefore, implies that direct counting of microvessels, which is mainly based on 
immunohistochemical staining for endothelial cells, will define the risk of recurrence and outcomes for lung cancer patients who undergo potentially curative 



operations.

TUMOR ANGIOGENESIS AND VEGF EXPRESSION IN PRIMARY LUNG CANCER

Molecular cloning has found four VEGF alternative spliced transcripts from the single VEGF gene on chromosome 6p21.3; that is, VEGF121, 165, 189, and 206. 
Although the longer forms, designated as VEGF189 and 206, are mostly cell-associated and have vascular permeation ability, VEGF121 and 165, which are 
translated from shorter transcripts, are efficiently secreted and promote mitogenesis of endothelial cells. 28 A positive correlation between VEGF expression and 
microvessel density has already been observed in a variety of tumors. 23,29,30 and 31 Michenko and colleagues have found that VEGF is associated with the mechanisms 
underlying the induction of angiogenesis by hypoxia. 32 According to the study, which used primary cultured vascular cells, the number of both endothelial cells and 
pericytes increased significantly under hypoxic conditions, along with an increase of mRNAs coding for the secretory forms of VEGF (VEGF121 and 165). VEGF 
receptors KDR and flt-1 were found to be constitutively expressed in endothelial cells, but only flt-1 mRNA was expressed in pericytes under hypoxic conditions. 33 
Secretory forms of VEGF seem to be involved in tumor angiogenesis not only through autocrine mechanisms but also through paracrine systems. As a tumor 
increases in size with resulting ischemic change, angiogenic mechanisms may be influenced.

The significance of each spliced variant of VEGF is not yet clear. Using the quantitative reverse transcription-PCR (RT-PCR) method, we previously examined the 
VEGF mRNA expressions in primary lung cancer tissues.34 Human lung cancer cell lines (PC-6, PC-10, QG-56, and QG-96) all had secretory forms of VEGF mRNA, 
and large amounts of the secretory forms of VEGF mRNAs were also found in resected lung cancer tissues independent of histologic subtypes (71.4% in total). 
VEGF121 mRNA expression levels also correlated with patient outcomes. Although the sample scale was small, VEGF121 gene expression levels were associated 
with poor prognosis in patients in the early stages of lung cancer. In patients who underwent a curative operation at stage I of the disease (n = 17), the median 
survival of the VEGF high-expression group was 8 months, and that of the VEGF low-expression group was 151 months. The 3- and 5-year survival rates of the 
high-expression group were 50.0% and 16.7%, respectively, and those of the low-expression group were 90.9% and 77.9%, respectively. Further, among eight cases 
of long-term survival beyond 5 years, seven cases had low or no VEGF121 mRNA expression. In contrast, among 18 cases with VEGF121 mRNA overexpression, 17 
cases died because of recurrence. These data imply that gene expressions of the secretory forms of VEGF mainly pertain to cancer cells and have an important role 
in lung cancer progression.

According to the results of another study using 90 randomly selected primary lung cancer patients without distant metastasis, 35 the percentage of positive cases for 
each spliced variant in tumors (T) and surrounding normal lung tissue samples (N) was 84.3% in T and 66.7% in N for VEGF121, 76.5% in T and 56.9% in N for 
VEGF165, and 47.1% in T and 7.8% in N for VEGF189. Among the four alternatively spliced variants, although VEGF121 and 165 were the dominant types in both 
lung cancer tissue and surrounding normal lung tissue, VEGF189 appeared to be dominant only in tumor tissue. The mean relative intensities of VEGF121 mRNA 
expression (VEGF121/b-actin) in tumor (T) (20.2 ° 5.2) was significantly higher than that in normal (N) (3.5 ° 1.1, p = 0.0024). In addition, if tumors were classified as 
high or low VEGF121 expression group relative to the mean value of densitometry index in N, the percentage of high-expression cases was 65.0% in T, whereas only 
10.9% in N. These results reveal that the secretory form of VEGF, VEGF121, is overexpressed in lung cancer tissue compared to surrounding normal lung tissue. 
Moreover, overexpression of VEGF is found in adjacent normal lung tissue in advanced stages, including pleural involvement. 35 The association of VEGF with pleural 
dissemination, however, needs further definition.

If VEGF is involved in tumor angiogenesis through both autocrine and paracrine systems, then the expression in normal lung tissue may participate in the mitogenic 
activity in tumor angiogenesis. Although the meaning and significance of each alternatively spliced variant of VEGF remains unclear, the majority of studies support 
the importance of VEGF121 isoform for the progression of lung cancer. Regarding the role of VEGF121 in tumorigenesis, it has been found that transfection of this 
isoform into a human breast carcinoma cell line promotes tumor growth and angiogenic response. 36 Although VEGF189 expression is not as high as that of VEGF121, 
its specific expression in tumors suggests that VEGT 189 may be involved in tumor progression. The specific upregulation of the VEGF189 isoform in confluent 
cultures compared to sparse monolayers has been found in colon cancer cell lines, 37 implying a potential role for the isoform in cellular interaction. 38,39 In colon cancer 
patients, VEGF189 isoform has also been found to be correlated with liver metastasis. 40

Lung alveoli (together with adrenal cortex, renal glomeruli, and cardiac myocytes) are rich in VEGF expression. 41 This particular condition may promote malignant 
development in patients with lung cancer. Strong VEGF expression in tumors seems to predict a poor outcome in lung cancer patients. 23,34,42,43 and 44 VEGF expression 
levels have been assessed chiefly by the immunohistochemistry using antibodies that recognize multiple VEGF spliced variants at a time. In 1995, Mattern et al., in a 
study of 204 patients with primary NSCLC, demonstrated a trend that patients with VEGF-positive tumors had worse prognoses than those with VEGF-negative 
tumors.23 They also reported that the proliferating cell nuclear antigen (PCNA) labeling index significantly increased with increasing VEGF expression, but that no 
association existed between PCNA labeling index and tumor vascularity. These findings imply that VEGF may participate in tumor progression and development 
through at least two separate mechanisms; that is, as a growth factor for tumor cells and as a mitogen for vascular endothelial cells. 45 Data have also demonstrated 
that VEGF expression, based on immunohistochemic staining methods, was an independent prognostic indicator in lung cancer patients. 43,44

Limited data exist regarding serum VEGF protein levels in lung cancer patients, and high VEGF expression levels in serum have been associated with poor outcomes 
in these patients. 46 Recent studies have also shown that serum VEGF is produced by megakaryocytes and platelets in vitro, and its concentrations are correlated with 
platelet counts.47,48

ASSOCIATION OF VEGF EXPRESSION WITH LYMPH NODE METASTASIS

Two routes are involved in the development of lymph node metastasis. An anatomic route involves the blood circulation to the lymphatic hilum, in which tumor cells in 
the blood can be transported and arrested in the lymph nodes. An increasing number of tumor cells in the blood may result in a high frequency of nodal involvement, 
and tumor angiogenesis may be involved in nodal metastasis via this medium. The second route involves a direct invasion of tumor cells into lymphatic vessels. In 
tumors with an increase in newly formed lymphatic vessels, both preexisting lymphatic and neolymphatic vessels may be the route for lymph node metastasis. If the 
neolymphatics develop from preexisting lymphatic endothelium as do blood vessels, the number of preexisting lymphatics should affect the lymphatic density. 
Although this neolymphatic route is hypothetical, it implies that tumor angiogenesis as well as lymphangiogenesis may be involved in lymph node metastasis 
formation. The study on neovascularization of lymphatics in tumors has just begun to be explored and no conclusive data have been reported. Consistent with this 
hypothesis, however, are previous data that indicate a relationship between microvessel density and lymph node metastasis, using antibodies that recognize both 
blood and lymphatic microvessels.49,50 This area of study is controversial, however, with minimal data supporting the mechanism. 16,23

A correlation between VEGF expression and lymph node metastasis in primary lung cancer has been documented. 35 Primary lung cancer tissue and surrounding 
normal lung from 90 patients without distant metastasis had the intensity of VEGF mRNA expression levels calculated by the sum of the relative intensities of both the 
tumor tissue and corresponding adjacent normal lung tissue using quantitative RT-PCR analysis. A trend to higher VEGF mRNA expression levels occurred in 
patients with nodal metastasis (23.2 ° 39.9, n = 35) than in those patients without nodal metastasis (8.8 ° 17.9, n = 55) (p = 0.051). When stratified by nodal status, the 
VEGF expression levels had a tendency to increase with the progression of nodal status [N1, 12.0 ° 14.9 (n = 7); N2, 21.2 ° 36.2 (n = 21), and N3, 40.5 ° 66.1 (n = 7)]. 
Moreover, VEGF expression could be detected in lymph nodes. Ten lymph nodes (four nodes positive and six nodes negative), together with the corresponding 
primary lung tumors and surrounding normal lung tissue, were simultaneously examined. To obtain an exact diagnosis of nodal micrometastasis, keratin 19 mRNA 
expression was also investigated by using the RT-PCR technique along with histologic examination. VEGF expression levels in metastatic lymph nodes were 
conspicuously higher than those in the primary site, and all the expression levels from nodes without metastases were lower than those of the primary tumors ( Figure 
11.2). These results suggest that tumor cells with high VEGF expression may metastasize selectively to nodes. VEGF expression within lymph nodes, although a 
small sample scale renders the meaning inconclusive, may imply the existence of another function of VEGF for the development of nodal metastasis independent of 
the proliferation of endothelial cells. In fact, Gabrilovich and colleagues recently reported a potential role for VEGF in allowing tumor cells to avoid the induction of an 
immune response.51



FIGURE 11.2. RT-PCR analysis of VEGF mRNAs in lymph nodes (Ln), correspondent lung cancer tissue (T), and adjacent normal lung tissue (N). Among the 10 
lymph node samples, 4 from node-positive patients were metastatic (samples 1–4) and 6 from node-negative patients were nonmetastatic (samples 5–10). This 
assessment of lymph node metastasis was done by histopathologic examination using enzyme-histochemistry staining and the RT-PCR method for the detection of 
keratin 19 mRNA as a sensitive assay for the micrometastasis. Other receptors (flt-4 and KDR) could not be found in this study. (From Ohta Y, Watanabe Y, 
Murakami, et al. Vascular endothelial growth factor and lymph node metastasis in primary lung cancer. Br J Cancer 1997;76:1041, with permission.)

ASSESSMENT OF LYMPHANGIOGENESIS AND ITS CONNECTION WITH VEGF FAMILY

Partly because of the difficulties in making exact distinctions between blood and lymphatic microvessels and because of the lack of suitable in vivo or in vitro model 
systems for the study of lymphatic endothelial cells, little information is available about the phenomenon of “lymphangiogenesis” in tumors; that is, the 
neovascularization of lymphatic vessels in tumors. As previously detailed, this phenomenon is not well documented, and its existence is controversial. In human 
primary cutaneous melanoma, de Waal et al. recently reported the lack of lymphangiogenesis in tumors even in the presence of extensive hemangiogenesis based on 
the results of a differential immunohistochemic double-staining method. 52 It was concluded from this study that hemangiogenesis might indirectly enhance lymphatic 
invasion as the driving force behind tumor expansion. Despite the infrequent observation of lymphatics inside the tumor, the expanding cutaneous melanoma tumor 
mass appeared to facilitate entrapping of lymphatics in tumors and the invasion of tumor cells into lymphatics at the site of the subepidermal lymphatic plexus. Other 
reports have suggested the existence of the specific pathways involved in the formation of lymphatics separately from those of hemangiogenesis. 53,54,55 and 56 Among 
the VEGF family members, the function of VEGF type C (VEGF-C) appears to extend to the lymphatic systems, where it serves as a ligand for fms-like tyrosine kinase 
4 (flt–4).53,54

The correlation between VEGF-C expression levels and microlymphatic vessel density in malignant pleural mesothelioma has been recently examined. 57 An attempt 
was made to discriminate lymphatics from blood vessels using an enzyme-histochemistry assay for 5'-nucleotidase (5'-NA). 58 The activity of the enzyme is higher in 
lymphatic endothelial cells compared to that in blood capillary endothelial cells, and as such is used to discriminate lymphatics from capillary endothelial cells after 
adequate inhibition of its activity. 59,60,61 and 62 Among 54 malignant pleural mesotheliomas, significant positive correlations were found between VEGF-C and flt-4 gene 
expression levels that were assessed by semiquantitative RT-PCR analysis (p = 0.0018, r = 0.67). Further, the association between microlymphatic vessel density and 
VEGF-C expression levels was especially strong (p < 0.0001, r = 0.63). The correlation of microlymphatic vessel density with flt-4 expression levels was also 
confirmed (p = 0.0164, r = 0.64). The microlymphatic vessel density, however, within mesothelioma tumor tissue had no impact on nodal metastasis. Instead, the 
expression of VEGF had a tendency to be greater in node-positive than in node-negative patients, suggesting its association with nodal metastasis independent of the 
number of lymphatics in malignant pleural mesothelioma tumors. In addition, flt-4, which was originally described in lymphatic endothelium, 63,64 was highly expressed 
in malignant pleural mesothelioma tissues, in human malignant mesothelioma cell lines, and in normal pleural tissue samples. Although the role of flt-4 in 
mesothelioma is not well known, flt-4 expression was confirmed in normal mesothelial cells. 65 These results suggest a possibility that VEGF-C has some role for the 
autocrine growth of mesothelioma cells.

VEGF-C is actually expressed in a variety of human tumors,66 and its family members encompass VEGF-B,67 VEGF-C,63,68 and VEGF-D.69,70 The significance of these 
VEGF-associated factors as novel stimulators for vascular endothelial cells and/or lymphatic ones needs to be further studied to elucidate their connections with 
proliferation of lymphatic endothelium and lymph node metastasis.

The relationship between microlymphatic vessel density in tumors and the capacity of tumors to develop lymph node metastasis has been studied using the 
microlymphatic vessel density (MLD) method in SCID mice injected subcutaneously with various human tumor cells (PC-14, DLD-1, OST, and MNNG/HOS). 
Subcutaneous regional lymph nodes and lungs were dissected when the primary tumor volume reached 2 cm 3. As a result, lymph node metastases were detected in 
mice injected with PC-14, and primary PC-14 tumors had high MLD (15.3_7.6). Tumors with no lymph node metastasis had low MLD (DLD-1, 0 and MNNG/HOS, 0) 
except for OST (13.5_6.0). Moreover, an interesting contrast was found between PC-14 and MHHG/HOS tumors in that, while PC-14 tumors developed lymph node 
metastasis, all MNNG/HOS tumors developed lung metastasis, paralleling the contrast of the relatively high MLD in PC-14 tumors to low MLD in MNNG/HOS tumors. 
DLD-1 developed no lymph node metastasis or lung metastasis, and this cell line had low MLD. On the other hand, OST tumors developed no lymph node metastasis 
despite relatively high MLD. These findings suggest that high microlymphatic vessel density is not necessarily associated with nodal involvement, although some 
tumors appear to have a tendency to develop lymph node metastasis when they are rich with lymphatic vessels.

OTHER ANGIOGENESIS-ASSOCIATED AGENTS THAT ARE RELATED TO THE PROGRESSION OF LUNG CANCER

Of the nine fibroblast growth factors (FGFs), FGF-2 (bFGF) is the leading candidate for being a stimulator of angiogenesis. The functions of FGF-2 include vascular 
endothelial and smooth muscle cell proliferation, capillary tube formation, and chemotaxis of endothelial cells. A recent study also suggests an antiapoptotic effect of 
FGF-2 via induction of Mdm-2 with the subsequent inhibition of p53 function and via down-regulation of bcl-2. 72,73 In NSCLC the potential role of bcl-2 in suppressing 
tumor angiogenesis has been reported.74 There have been suggestions of an association between FGF-2 and VEGF; 75,76,77 and 78 however, clinical investigations using 
resected tumor specimens have not necessarily disclosed a significant association between them. 31,34 The significance of bFGF as a prognostic indicator still needs to 
be defined in lung cancer. In breast carcinoma, low expression of bFGF is reportedly associated with a poor prognosis. 79 In lung cancer, one report found a significant 
correlation between bFGF expression and patient survival, 80 whereas another did not.81

Platelet-derived endothelial cell growth factor (PD-ECGF)/thymidine phosphorylase is also an angiogenesis stimulant and promotes tumor cell growth. 82,83 PD-ECGF 
expression has been observed in a variety of human tumors, including NSCLC cell lines. 84,85 In NSCLC patients, tumors with PD-ECGF overexpression have 
reportedly been associated with poor prognosis. 86,87

Interleukin 8 (IL-8) is one of the most studied chemokines that stimulate angiogenesis. The production of IL-8 has been confirmed in NSCLC cell lines and in resected 
NSCLC specimens alike, and it appears to act as a promoter of human NSCLC tumor growth through angiogenesis activation. 88,89 A study using human glioma cell 
lines suggested that the paracrine control of tumor angiogenesis by IL-8 was independent of that by VEGF/bFGF. 90

Thrombospondin (TSP) is a matricellular glycoprotein that is secreted by a variety of cells, including tumor cells. 91,92 Among the five structurally different members 
(TSP-1–5) of the TSP family, TSP-1 and -2 have a molecular architecture similar to angiogenesis inhibitors. Recent data suggest that TSP-1 may also function as an 
angiogenesis stimulator.93,94 For example, a domain analysis has revealed that TSP-1 possesses binding sites for avb3 integrin and TGF-b, which are both 
proangiogenic. 93,95,96 In addition, the role of TSP-1 seems to be multifunctional and to be associated with adhesion, chemotaxis, and proliferation of endothelial cells. 93

 Further, recent studies have also suggested that p53 can down-regulate TSP-1 expression,97 raising the possibility that inactivation of p53 may induce transcriptional 
activation of TSP-1 in affected tumors. In primary lung cancer, although little information is available on the role and clinical implications of TSP, a recent study 
suggested an inhibitory role of TSP-2 in angiogenesis and progression of NSCLC. 98

INHIBITION OF ANGIOGENESIS FOR CANCER TREATMENT (Table 11.1)



TABLE 11.1. THE EFFECT OF ANTIANGIOGENIC AGENTS ON LYMPH NODE METASTASIS

Candidates for Antiangiogenic Cancer Treatment

Antiangiogenic therapy is being used as a new anticancer “dormancy therapy” to promote stabilization or shrinkage of disease. The process of new blood vessel 
generation is divided into multiple major steps; that is, (a) proliferation of endothelial cells, (b) resolution of the extracellular matrix, and (c) migration of endothelial 
cells.99 Several antiangiogenic agents or drugs are expected to be feasible for cancer therapy that targets these angiogenic steps ( Figure 11.3). For inhibition of the 
first step, neutralization antibodies to angiogenic factors (VEGF, bFGF), antiangiogenic agents [fumagillin analogues (TNP-470/AGM-1470), interleukin-12, suramin, 
linomide, minocycline, tamoxifen, thalidomide, interferons, platelet-factor 4(PF4), pentosan polysulphate, genestein, etc.], and angiogenesis-inhibitory factors 
(angiostatin, endostatin, thrombospondin, etc.), are representative agents so far. 100 For the second and third steps, metalloproteinase inhibitors, antibody to avb3 
integrin, and linomide are also potential candidates. 100 Some of these agents (e.g., linomide, PF4, pentosan polysulphate, neutralization antibodies to VEGF, 
metalloproteinase inhibitors, fumagillin analogues, interleukin-12, thalidomide, and so on) are already in clinical trials. 100,101

FIGURE 11.3. Candidates for antiangiogenic cancer treatment.

Inhibition of Angiogenesis for Cancer Treatment by Targeting VEGF and its Receptors

VEGF itself may be a potential molecular target for the treatment of lung cancer. Using in vivo model systems, inhibition of VEGF function has successfully controlled 
tumor growth, dissemination, and distant metastasis by a variety of anti-VEGF agents such as neutralizing anti-VEGF antibodies, anti-sense VEGF cDNA, and soluble 
VEGF receptor.102,103,104,105,106,107 and 108 Kim first demonstrated the effectiveness of a monoclonal antibody against tumor cells having VEGF expression in 1993. 102 
Human sarcoma cells injected into nude mice were inhibited by the administration of anti-VEGF antibody A.4.6.1. The monoclonal antibody had no direct inhibitory 
effect on tumor cell growth in vitro, suggesting the importance of the inhibition of paracrine VEGF mechanisms from both host and tumor cells in order to control tumor 
angiogenesis and tumor progression. In addition to antibody cocktails that recognize all VEGF-spliced isoforms, those antibodies to VEGF121 secretory form alone 
can also inhibit tumor growth and metastasis. Asano found that a neutralizing monoclonal antibody to VEGF121 could inhibit the growth and formation of spontaneous 
lung metastasis of human sarcoma HT-1080 cells subcutaneously inoculated into nude mice. 109

Targeting of VEGF receptors also serves as a possible therapeutic intervention to inhibit tumor angiogenesis and tumor growth. 110,111 A clinical investigation of colon 
cancer found that upregulation of VEGFR-2 (KDR) was associated with metastasis 31 and that inhibition of angiogenesis by blocking VEGFR-2 (KDR) prevents tumor 
cell invasion.111 These results suggest a mutually close relationship between VEGF and tumor invasion, and that anti-VEGF therapy may have a direct therapeutic 
influence against cancer invasion or metastasis together with antiangiogenic effects for tumor angiogenesis.

The timing of the antiangiogenesis therapy may be important, as suggested by Yoshiji. 112 No growth inhibition of human breast carcinoma T-47D cells was observed 
when anti-VEGF treatment was started for tumors that had reached a certain size (820 mm3) despite the observation of significant inhibitory effects for smaller tumors. 
This correlation suggests that VEGF may not be the crucial angiogenic factor for larger tumors or that angiogenic factors may alternatively be changed and 
superseded by other factors after the suppression of VEGF. If VEGF is essential at the initial phase of tumor development and angiogenesis, the practical usage of 
anti-VEGF treatment may then be most expected for the control of micrometastasis.

The Effect of Antiangiogenic Drugs on Tumor Growth, Distant Metastasis, and Lymph Node Metastasis

Antitumor or antimetastatic activity with antiangiogenic therapies have been documented in a variety of metastatic model systems using various antiangiogenic drugs. 
Most of the experimental studies have reported inhibitory effects for bloodborne distant metastases, such as liver and lung metastases, and few comments have been 
made on possible therapeutic effects for lymph node metastasis. Because nodal involvement is one of the most important factors influencing the survival of surgical 
patients with primary lung cancer, the effects of antiangiogenic drugs on lymph node metastasis need to be clarified.

Ohta assessed the inhibitory action of a semisynthetic analogue of fumagillin, TNP-470/AGM-1470, on lymph node metastasis in a metastatic model system using 
athymic nude mice.113 In this study, lymph node metastases were detected by PCR and Southern blotting for human b-globin-related sequence. After mice were 
injected subcutaneously with human fibrosarcoma HT-1080 cells, various amounts of the antiangiogenic agent (10, 30, and 100 mg/kg) were injected subcutaneously 
every other day beginning seven days after tumor inoculation. Five weeks after tumor inoculation, DNA was extracted from axillary and inguinal lymph nodes. 
Antitumor effects on the primary sites were seen only in the 100 mg/kg treatment group. Lymph node metastases were detected in all mice in the no treatment group, 
and the incidence of lymph node metastasis in treated mice was 2/4 mice (100 mg/kg), 2/5 mice (30 mg/kg), and 4/5 mice (10 mg/kg). Further, the inhibition ratios of 
lymph node metastasis were 82.3% in 10 mg/kg, 97.2% in 30 mg/kg, and 97.5% in 100 mg/kg, respectively, implying that antiangiogenic treatment can be useful in 
inhibiting nodal metastasis ( Figure 11.4). In the literature, Mu has also observed an almost complete inhibition of metastasis to lymph nodes in mice with murine 
ovarian carcinoma cells by administering an angiogenesis-inhibitory fumagillin analog, FR118487. 114 A similar inhibitory action of TNP-470/AGM-1470 against lymph 
node metastasis in breast cancer cell lines and rat fibrosarcoma cell line has also been reported. 115,116 Other studies have reported variable results on lymph node 
metastasis with antiangiogenic agents. 117,118



FIGURE 11.4. Effects of TNP-470 (10, 30, and 100 mg/kg) on lymph node metastasis of HT-1080 cells. TNP-470 was subcutaneously injected every other day from 1 
week after tumor inoculation on mice. Mouse lymph nodes were then dissected at 5 weeks after tumor inoculation. Following extraction of DNA from dissected lymph 
nodes, specific detection of human b-globin gene in metastasized human tumor cells in nude mice (576 bp) was performed by the PCR technique and analized by 
Southern blotting. (From Ohta Y, Watanabe Y, Tabata T, et al. Inhibition of lymph node metastasis by an anti-angiogenic agent, TNP–470. Br J Cancer 1997;75:512, 
with permission.)

The fumagillin analogues have been shown to inhibit distant metastasis and tumor growth via inhibition of tumor angiogenesis. 119,123 TNP-470/AGM-1470 inhibits the 
growth of human umbilical vein endothelial (HUVE) cells in a biphasic manner, cytostatic and cytotoxic. 123 Exposure to TNP-470 arrests HUVE cells in G0/G1 phases, 
and this cytostatic inhibition may be the mechanism for the antiangiogenic activity. 124,125 and 126 In addition, other studies have suggested a variable effect of the agent 
on the host immune system, involving B-cell proliferation in the presence of T-cells. 127,128

Safety of Antiangiogenic Drugs for Cancer Treatment in Practical Usage

In in vivo experimental model systems, the treatment by a combination of antiangiogenic drugs has been found to be more effective compared to that by only a single 
agent. In addition, a combination therapy using both antiangiogenic agents and cytotoxic anticancer drugs has also been shown to have a greater effect than that 
using only cytotoxic anticancer drugs. 129,130 and 131 These results offer implications about the practical usage of the antiangiogenic agents for cancer treatment to 
achieve optimal therapeutic effects.

Most angiogenesis inhibitors appear to have less toxicity and no drug resistance, making for an advantageous contrast to conventional cytotoxic anticancer drugs. 
These merits give credence to the permanent or long-term administration of these drugs to sustain the stabilization of the cancer or to continue to inhibit the 
development of metastasis. So far, although drug-induced side effects should be carefully investigated in a long period of dosage, no major side effects have been 
reported from results of phase I clinical studies using antiangiogenic agents for cancer treatment. Reversible neurologic side effects have been reported to be the 
dose-limiting toxicity132 of fumagillin analogue TNP-470. Among 18 patients in the phase I trial 132 with recurring or metastatic squamous cell carcinoma of the cervix, 
one patient had a complete response and three patients had stable disease. A phase I clinical trial using orally administered pentosan polysulphate in patients with 
advanced cancers revealed no major side effects.133

Antiangiogenic Therapy and Micrometastasis

Via the biomolecular or immunohistochemical techniques for the detection of the specific biologic marker for cancer cells, such as cytokeratin fragments, it has been 
found that tumor cells are present in some distant organs such as bone marrow, peripheral blood circulation, and lymph nodes in a significant proportion of various 
cancer patients, including lung cancer, even if any distant metastasis cannot be detected by conventional clinical examinations. 134,135,136,137,138,139,140,141 and 142 
Importantly, a recent study also showed worse postoperative outcomes of such patients and their trend toward recurrence after curative operations. 134,139,140,141 and 142 
These findings suggest a necessity to take some steps for patients with micrometastasis before the manifestation of the occult disease. In patients with NSCLC, the 
percentage of the patients with micrometastasis of bone marrow has been reported to be 21.9% to 59.7% in total. 139,140 and 141 If stratified by pathologic stages, its rates 
were reported to be 29% in stage I or II and 46% in stage III. 140 For lymph node micrometastasis, 63.0% of NSCLC patients were revealed to have micrometastasis 
despite negative studies based on the conventional examination using hematoxylin and eosin stained slides. 138,142 Folkman previously proposed an interesting theory 
that is related to the clinical patterns of metastasis. 143 According to the theory, the duration of metastatic disease-free interval after operation depends on “the switch 
to the angiogenic phenotype as a net balance of positive and negative regulators of blood vessel growth.” The antiangiogenic therapy may theoretically improve the 
survival of the patients with micrometastasis after curative resection of the primary site by keeping the micrometastatic cells in the dormant state. Exploitation of this 
strategy will require the proper selection of patients and greater assessment to determine the phenotype of cancer cells with potential metatastic ability as a function 
of short or long periods after operation.
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The study of the effects of ionizing radiation on biologic tissue has contributed greatly to the management of cancer patients. Techniques first developed and 
described by radiation biologists have elucidated much important information in the understanding of basic cellular biology and the response of biologic tissues to 
therapeutic agents. Lung cancer is an enormous therapeutic challenge to the clinician. The following chapter is intended as a summary of key radiation biologic 
contributions to our understanding and management of this disease. By no means is it intended to be an exhaustive treatise on this important topic. Many fine 
textbooks and reviews fulfill this need. These texts have been liberally referenced as appropriate throughout the chapter. The reader requiring a more detailed review 
is encouraged to review these texts.

THE CHEMISTRY OF RADIATION BIOLOGY

Introduction

The transfer of energy from radiation to an absorbing medium can cause either excitation or ionization of the component molecules. If the energy of the incident 
radiation is sufficient to eject an electron from the outer orbital of an atom or molecule, then the incident radiation is defined as ionizing radiation. Ionizing radiation 
releases energy sufficient to exceed bond energies of many chemical bonds (5 eV) and thereby break them. Radiation that causes excitation without ionization has 
wavelengths in the UV/visible region.

Both electromagnetic radiation and particulate radiation such as alpha-particles, protons, and neutrons can cause ionization. X-rays that are produced extranuclearly 
and gamma-rays that are produced intranuclearly are two forms of electromagnetic radiation that possess sufficient energy to cause ionization of atoms or molecules. 
Electromagnetic radiation and particulate radiation, which have high energies, are slowed down in the absorbing medium by interacting with the electrons of the 
component molecules with characteristic dependence on linear energy transfer (LET). LET is defined as the energy lost from the charged particle per unit length of 
the absorbing medium it traverses and has units of KeV/µ m (kilo electron Volts/micrometer). Generally, particulate radiations have higher LET. However, for a given 
type of radiation, LET is inversely proportional to the energy of the radiation. LET values for typically used radiation are Cobalt 60 gamma-rays: 0.2; 150 MeV protons: 
0.5; 250 kV x-rays: 2.0; 10 MeV protons: 4.7; and 2.5 MeV alpha-particles: 166.

Photons of ionizing radiation are absorbed by two processes depending on their energies and the chemical composition of the absorbing material. At high photon 
energy, characteristic of therapeutic radiation, the Compton scattering process is important. In this process, the x-ray photon interacts with and ejects an electron 
whose binding energy is negligible compared to the photon energy. On collision, part of the photon energy is given as kinetic energy to the ejected electron. The x-ray 
photon with the diminished energy continues, deflected from its original path, to cause subsequent ionization. After the initial collision, in place of an original x-ray 
photon, an ejected electron and a scattered photon of diminished energy appear. In the second process, the photoelectric process, the x-ray photon interacts with a 
strongly bound orbital electron and transfers all of its energy to it. Part of its energy is utilized to overcome the binding energy of the electron to release it from the 
orbital, and the remaining energy is converted to the kinetic energy of the ejected electron. In diagnostic radiology, where lower energy x-rays are used, the 
photoelectric process dominates. The absorption of the radiation through Compton scattering is independent of the atomic number of the component molecules of the 
absorbing material, whereas the energy absorption by the photoelectric process is proportional to the cube of the atomic number of the absorbing material. Hence, in 
diagnostic radiology (low-energy x-rays), the photoelectric process predominates, and a greater extent of the energy is absorbed by the bone that contains atoms with 
high atomic number (e.g., calcium). This reaction provides the sharp contrast between bone and soft tissue necessary for diagnostic evaluation. In the case of 
high-energy therapeutic radiation, the absorbed dose is the same in the bone, muscle, and soft tissue. However, in both cases, the energy of the photon is converted 
into the kinetic energy of the fast electron, leading to ionization events.

Direct and Indirect Effects

Particulate radiation such as alpha-particles, neutrons, and protons, which have high LET values, cause direct ionization by disturbing the atomic structure of 



molecules of the absorbing material, thereby causing chemical and subsequent biologic changes. On the other hand, when x-rays are absorbed in biologic material, 
they can directly ionize a critical site (direct effect) or interact with other molecules to produce reactive radicals, which can subsequently damage critical biologic 
molecules (indirect effect). The chemical nature of the free radicals produced by indirect effects depends on the abundance of chemical species in the absorbing 
material.

Because 80% of biologic matter is composed of water, the effect of radiation on water molecules is important in understanding the indirect effects causing damage to 
critical molecules, which eventually lead to biologic damage. The two major effects of radiation on water molecules are excitation and ionization and are described 
below.

[1]
[2]

The electron e– becomes solvated by the surrounding water molecules and is called the solvated electron (eq. 3), which can also produce H-atoms (eq. 4).

[3]

[4]

The H2O+ produced by ionization (eq. 1) is strongly acidic and loses a proton to the surrounding water molecules to give the hydroxyl radical ·OH.

[5]

The water molecule in the excited state (H2O*) can also homolyze to produce H-atoms and ·OH radicals.

[6]

The H-atoms and OH radicals should be distinguished from the protons (H+) and the hydroxide ion (-OH). H + and –OH both have their outer orbital electrons 
completely paired up without any free electrons, unlike for H-atoms and ·OH radicals.

All these free-radical species react with each other within the spur (regions of high local concentrations of ionization products) or diffuse into the bulk of the solution. 
Solvated electrons (eaq

–) can react with protons to produce H-atoms. Recombination reactions of all the water radiolysis products in the spur are described below.

[7]
[8]
[9]

The primary radicals can also be converted to water in the spurs

[10]
[11]

The initial ionizing events leading to primary lesions are completed in less than 10 –10 sec. The transfer of energy from the primary species to cause lesions on 
biologically important molecules such as DNA and to cause genetic or metabolic alterations is completed in less than 10 –6 sec (1 µ sec). All the above recombination 
reactions that occur in the spur after the initial ionizing event are practically diffusion controlled and hence are very efficient. However, considerable quantities of the 
radicals formed escape the spur and can be intercepted by critical biologic targets or radical scavengers. The scavenging efficiency of a given radical depends on the 
rate constant of reaction of the scavenger with the radical and the scavenger concentration. All the primary radical species produced by ionizing radiation are highly 
reactive and abstract H-atoms or add to various target molecules, causing chemical modification.

The radiochemical yields are expressed in terms of G-values. G-value is defined as the number of molecules damaged or formed per 100 eV of absorbed energy. The 
G-values for the various products of water radiolysis produced by 250 kV x-radiation are as follows: e aq

– = 2.63; ·OH = 2.72; ·H = 0.55; H2 = 0.45; H2O2 = 0.68. The 
concentration of individual species produced by 10 Gy radiation can be derived by multiplying the G-value with 1 × 10 – 1. The concentration of ·OH radicals produced 
by irradiating water to a radiation dose of 1 Gy is 2.72 × 10® M.

The formation of single-strand breaks in the DNA of cells is a linear function of the dose of irradiation of the DNA solutions. For double-stranded 10 6 dalton DNA, the 
efficiency of single-strand breaks is 0.2–0.3 breaks/100 Gy, whereas for isolated chromatin particles, the value is 0.5–1.5 × 10 –2.1,2 Are these ages or rations example, 
1.5 × 10–2 or 1.5 × 10–2. The dependence of double-strand breaks in double-stranded DNA and isolated chromatin depends on the radiation dose in a complex 
manner. At a dose of 100 Gy, the yield of double-strand breaks in a 10 6 dalton DNA molecule is 3–9 × 10–2. The same value for chromatin is 0.6–1.7 × 10–4.3 As 
discussed later, a total body dose of 4.5 Gy may be lethal to a human, despite efficient chemical DNA repair mechanisms, whereas much larger doses are required for 
detectable DNA damage in isolated DNA and chromatin in vitro.

Cellular Targets in Radiation Biology

DNA is considered to be a critical target for damage induced by ionizing radiation either by direct or indirect processes. 4 However, in therapeutic radiology utilizing 
high-energy x-rays, damage mediated by H·, eaq

– and ·OH radicals (indirect effects) are important. The rates of reactions of H·, e aq
–, and ·OH radicals with free nucleic 

acid bases and ribose have been determined, which give information about the relative efficiencies of attack by the primary species. Based on the rate constants, the 
site of attack of eaq

– is exclusively the base components of various monomeric nucleic acid compounds. H-atom also attacks heterocyclic bases rather than the sugar 
moiety. Approximately 20% of the ·OH radicals react with the sugar moiety. Because the product of reaction among the primary radical species with DNA is still a 
radical, it must further react before converting into a stable and chemically modified state. This process can occur via radical reactions in three mechanisms: (a) 
unimolecularly, (b) bimolecularly with other radicals, and (c) bimolecularly with another molecule. For the in vivo situation, the radical-molecule reaction (c), 
particularly with oxygen or a drug, is the relevant pathway.

DNA adducts of OH radicals are considered to be the most damaging. The damage has been found to be DNA-DNA cross-links, base damage, sugar damage leading 
to DNA single-strand breaks, as well as base release. Model studies of irradiated aqueous aerobic solutions of DNA have revealed (a) unaltered bases and their 
radiation-induced oxidation products that are released by the rupture of the N-glycosidic bond and (b) altered bases attached to DNA. The main site of OH radical 
attack on pyrimidines is the 5, 6 double bond leading to ring saturation. In the case of purines, OH radical attack has been suggested to mediate scission of the bond 
between C-8 and N-9 atoms in the imidazole ring. In the case of halogenated pyrimidines (e.g., 5-bromouracil), a uracilyl radical is formed by splitting the C-Br bond, 
presumably by both direct effects as well as by reaction with solvated electrons. This radical is highly reactive and can abstract an H-atom from neighboring sugar 
moiety. This process induces a DNA strand break as well as a uracil moiety into the DNA.

Although 20% of the OH radicals react with the sugar moiety, scission of the sugar-phosphate bond (leading to strand breaks) and release of unaltered bases can be 
induced by sugar radicals. It has also been proposed that radicals on base moiety can lead to strand breaks by radical transfer to sugar moiety.

Radiation Repair and Sensitization

In addition to enzymatic repair of DNA lesions caused by radiation, chemical repair can be accomplished by reducing agents, the most abundant being reduced 



glutathione as shown in the simplified model. If TH is the critical radiobiologic target

[12]

The radical site on the target can be fixed by O 2 or chemical radiosensitizers, leading to subsequent base modification or strand breaks.

[13]
[14]

However, glutathione can compete with the damage fixation reaction by chemical restitution by donating an H-atom.

[15]

The GS· radical is an extremely weak oxidant and may not mediate further damage and forms disulfides

GS. + GS. ® GSSG

Lipid Peroxidation

Cellular membranes can also be damaged by radiation-induced lipid peroxidation. The initiating event is the radiation-induced formation of a radical on the membrane 
lipid. The radical formation can be caused by H-atom abstraction by ·OH radicals among other radiation-induced reactive intermediates.

[16]

Reaction of the radical species (R·) with oxygen produces the lipid peroxyl radical

[17]

The lipid peroxyl radicals are very unstable and form lipid hydroperoxides by reaction with other lipids by abstracting an H-atom.

[18]

Reaction (16) is the initiating reaction in the lipid peroxidation process. After this reaction, a chain reaction is set up in the system in the presence of dissolved oxygen 
(reactions 17 and 18). Thus a significant amount of damage can be induced through a single initiating reaction through the process of lipid peroxidation and may also 
contribute to radiation-induced cytotoxicity by inducing membrane damage. The lipid peroxidation can be inhibited by the use of antioxidants that scavenge the 
initiating radical species such as ·OH radicals or by terminating the chain reaction by acting as radical acceptors. Natural antioxidants such as vitamin E are purported 
to terminate chain reactions by terminating reactions 17 and 18.

Importance of Free Radicals in Biology and Medicine

Generation of free radicals in biologic systems in the normal course of metabolism and abnormal states has gained increasing attention in recent years to explain 
several aspects of human disease processes, such as inflammation, mutagenesis, carcinogenesis and cancer, atherosclerosis and postischemic reperfusion injury of 
cardiac tissue, Alzheimer's disease, and Parkinson's disease. 5 In addition, free-radical intermediates in the metabolism or activation of anticancer drugs are being 
recognized (Adriamycin, Mitomycin C, Streptonigrin, Neocarzinostatin, etc.). In most of the cases where radicals are generated naturally by biochemical processes in 
the normal metabolic pathways, or in the presence of xenobiotic agents capable of generating free radicals by enzymatic processes, the radical species are similar in 
chemical nature and reactivity to those generated by radiolysis. Of more direct relevance to lung cancer, some of the detrimental effects of cigarette smoke have been 
attributed to free-radical damage, (see also Chapter 3).

CELL DEATH AND VIABILITY

Biologic tissue must possess the ability to either repair or reproduce itself in order to maintain function and the health of the organism throughout natural life span. A 
tumor owes part of its malignant potential to the ability of cells to reproduce in an uncontrolled way and thus grow and invade local tissues and even metastasize 
throughout the body. One of the most important consequences of exposing biologic tissue (and its component cells) to ionizing radiation is the loss of the cell's ability 
to reproduce and thus the ultimate death of the cell. Cell death is the main cause of the early and late toxic effects of radiation on normal tissues and the reason that 
radiation may be used to sterilize human tumors.

Such cell death must be defined. It is to be distinguished from the intuitive concept we have of death: that is, complete, instantaneous, and irreversible loss of all 
function. Although super-high doses of radiation (in the region of several hundred gray [Gy]) certainly cause such a death to occur as surely as though the cell were 
physically crushed, lower radiation doses (several hundred centigray [cGy]) exert no such obvious effect. In fact, the vast majority of such irradiated cells appear 
morphologically normal and continue to perform complex biologic functions including protein and DNA synthesis. They may even be able to pass through a limited 
number of mitoses and give rise to some progeny. However, in terms of the continued health of that biologic tissue, a proportion of these cells lose their ability to 
sustain indefinite reproduction and die at the next or subsequent mitosis, or give rise to progeny incapable of reproduction. The cell's ability to sustain indefinite 
reproduction and to produce “clones” of itself is referred to as its clonogenic potential. For many tissues, the greater the proportion of clonogenic cells damaged by 
ionizing radiation, the greater the perturbation on the function of that tissue. In normal tissue as well as tumors, a variable proportion of cells are clonogenic; their 
number is decreased by ionizing radiation. Thus both normal tissues and tumors may be damaged by radiation. In studying these biologic effects, therefore, it is 
particularly important to be able to determine a cell's sensitivity to loss of reproductive or clonogenic potential. Several methods have been devised to assess cell 
viability in vitro and in vivo. These tools are potent not only in radiation biology but also in studying the effects of other cytotoxic agents such as chemotherapy. Before 
examining these tools individually, the concept of the survival curve is explored.

IDEALIZED RADIATION DOSE-RESPONSE CURVES AND MODELING

A single cell that has retained its clonogenic viability is capable of reproducing multiple clones of itself, which may be visualized as discrete colonies in tissue culture 
flasks or petri dishes. This type of assay, first described by Puck and Marcus in 1956 4 provides in vitro evidence of clonogenic viability. Samples of normal tissues as 
well as tumors can be disaggregated physically and with proteolytic enzymes such as trypsin into single-cell suspensions. These cells may be seeded into culture 
flasks under aseptic conditions at 37°C with medium appropriate to support growth for 1 to 2 weeks. Viable cells attach to the plate and grow to form colonies that may 
be stained and counted. The number of single cells seeded may be counted using an automated cell counter, and therefore the plating efficiency (PE) for each cell 
suspension may be calculated. Typically, only 50% to 90% of the cells form colonies (PE = 50% to 90%) even in the absence of any cytotoxic agents. Some loss 
inevitably occurs due to handling or failure to accurately determine the exact numbers of cells seeded or colonies counted. Plating efficiencies may therefore be 
compared, in the absence of any cytotoxic agent (controls) and in the presence of various doses of the cytotoxic agent to be tested. For example, a population of such 
clonogenic cells may be divided into several samples, and each sample maybe exposed to increasingly larger doses of radiation. The numbers of colonies formed in 
each plate is expressed as a percentage of the control plate (surviving fraction, SF), and survival curves generated. To increase accuracy, samples are plated in 
triplicate, and results are expressed as mean values with appropriate standard deviations.

Conventionally, the results are plotted on semiogarithmic coordinates, with the doses of the test agent expressed linearly on the ordinate (x-axis), and the logarithm of 
the SF on the abscissa (y-axis). A smooth curve is drawn between the experimental points, allowing for the uncertainty of each point. The shape and slope of the 
curve then become important characteristics defining the response of these cells and by inference, the biologic tissues from which they derive, to the cytotoxic agent 



tested. Radiation survival curves may vary according to the biologic system studied (e.g., bacteria, yeast, mammalian cells), the inherent x-ray sensitivity of different 
mammalian cell types, and the type of radiation (e.g., x-rays, neutrons, a particles) as shown in Figure 12.1. Figure 12.1A illustrates the vast range of sensitivities 
among different biologic species. In particular, note how sensitive mammalian cells are when compared to other species. Figure 12.1B shows that in humans, a 
significant difference in radiation sensitivity may exist between normal tissue and malignant cells. This difference may be exploited for therapeutic gain, and at times 
may be a potential problem in terms of normal tissue toxicity. For example, bone marrow toxicity may be a significant problem when irradiation fields encompass a 
large quantity of bone marrow. An inability to repair the effects of densely ionizing radiation (a particles) when compared to sparsely ionizing radiation (x-rays) is 
illustrated in the differential response of mammalian cells to these types of radiation in Figure 12.1C.

FIGURE 12.1. Radiation dose response curves for (A) different species, (B) typical human bone marrow and tumor, and (C) different types of radiation of varying LET.

Various mathematical functions may be used to represent these survival curves, and biophysical models have been proposed to account for their shape and 
characteristics. Mathematical modeling can provide values of the SF over the range of radiation doses studied. Less accurately perhaps, these mathematical models 
suggest biophysical theories as to how the cell might be killed. For example, surviving fractions that fall exponentially with increasing dose suggest a “single-hit, 
single-target” theory, where each particle traversing a cell may produce a lethal event. The total number of lethal events therefore increases in direct proportion to the 
dose. Although these models can provide useful guidelines in predicting biologic responses, none is precise enough to be truly representative of the complex 
response of living tissues to radiation. It is worthwhile, however, to examine “reference” radiation survival curves utilizing X- or g-rays given over a short time under 
well-oxygenated conditions. Exponential (“straight”) survival curves, as well as survival curves with initial shoulders (“curved”) are described, and three of the many 
mathematical models used to predict responses in this dose range are outlined.

Exponential Survival Curves

The relationship between the surviving fraction (SF) and the radiation dose (D) is given by the mathematical equation

where a is a constant and e is the base of the natural logarithm

We now define a specific dose, the mean lethal dose (D 0), which reduces the SF to 37% of the initial cell number.

Thus when D0 = 1/a

This equation is now in the form of a general equation [y = m(x)], describing a line with a slope m. On semilogarithmic coordinates, this plots a “straight” line with slope

Thus D0 becomes an important comparative number when evaluating radiation sensitivity of cells or tissues. D 0 is the dose (on an exponential curve, or portion of a 
curve) that reduces the surviving fraction of the cells to 37% of the number present prior to irradiation. Further, because D 0 is inversely related to a (D0 = 1/a), the 
slope of the line (-a) provides a visual demonstration of the sensitivity of the tissues irradiated. The steeper the slope, the more sensitive the tissue, and the smaller 
the D0. It now becomes possible to compare at a glance the radiation sensitivity of cell populations or tissues that fit an exponential modeling curve when irradiated. 
Furthermore, because no shoulder (or flat portion) is present on this curve, no dose exists, however small, which will not bring about some cell kill. This distinction 
from survival curves with initial flatter portions or “shoulder” as described below is important.

Survival Curves with an Initial Shoulder

Mammalian cells irradiated with x- or g-rays generally show some curvature or “shoulder” in the initial (or low-dose) segment of the survival curve. Often, although not 
invariably, at higher radiation doses the curve becomes straight with a constant exponential slope downwards as shown in Figure 12.2A. Because the initial curved 
portion cannot be described by a line equation with a single slope, as is true of the exponential lines, the concept of a mean lethal dose (D 0) cannot be used to define 
radiation sensitivity at low doses in mammalian survival curves. This concept is particularly important because daily doses of radiation used in the clinic (150 to 200 
cGy) often fall in this low-dose region of the curve. Two other parameters, the extrapolation number ( ) and the quasi-threshold dose (Dq) are used to characterize the 
width of the initial shoulder. These parameters become important when attempting to characterize the sensitivity of mammalian cells to the radiation dose fraction 
sizes used in cancer treatment. Extrapolation of the terminal “straight” portion of the mammalian curve back to the point at which it intersects the abscissa, defines . 
Thus when  is large (10.0 to 15.0), the survival curve has a broad shoulder, and when  is small (1.2 to 2.0) the shoulder is narrow. The dose point at which the 
same extrapolated line intersects the dose axis at SF = 1 defines the quasi-threshold dose (D q). The quasi-threshold dose may be thought of as that dose below which 
no measurable effect of the radiation on cell killing occurs. Both parameters define the size of the initial shoulder and may define the cell's ability to repair sublethal 
radiation damage (see following). The three parameters D®, D q and  are linked together by the equation:

FIGURE 12.2. Idealized radiation dose-response curves. A: exhibits survival parameters based on the multitarget, single-hit model. The terms extrapolation number (
), quasi-threshold dose (Dq), and mean lethal dose (D0) are defined in the text. B: shows a survival curve based on the linear-quadratic model. Note how the curve has 



an initial slope and lacks a terminal “straight” or exponential portion. The a/b ratio, or the dose at which the linear and quadratic components of cell killing are equal in 
this example, is ~l5Gy.

Doses at or around the Dq on the curved portion of the curve are interesting in that each incremental increase in dose produces a proportionally larger (as opposed to 
equivalent) effect on cell kill. This response suggests that cell death may be resulting from an accumulation of effects on critical targets, where individual “hits” are 
ineffectual or sublethal but become lethal when added together. Alternatively, the cell may be less efficient at repairing sublethal damage when it accumulates. 
Several mathematical models have been proposed to fit such “shouldered” survival curves. Three of the more popular models are further described.

Single-Hit Multitarget Model

In this model, as opposed to a single critical target, the cell is theorized to have multiple (n) targets, all of which must be inactivated before the cell is killed. The cell 
surviving fraction (SF) in this model is given by the equation:

Thus when n = 1, as in the single-hit model, the equation solves to SF = e –D/D0 as shown previously. Furthermore, as the dose (D) gets larger, then SF tends toward 
n(e–D/D0), which is an exponential line with slope -1/D 0 intercepting the ordinate at the extrapolation point ( ). Note also that this curve starts out with zero initial slope, 
which infers zero mortality from small radiation doses. This property does not with most experimental results and is further discussed in following sections.

Quadratic Model

Cell death in this model is caused by the addition of two independent “hits” on a single critical target, from two separate radiation-induced particles. The mean number 
of lethal events is proportional to the square of the dose, so the SF is given by the equation:

Here b is a constant relating to the probability of a dose of radiation producing a sublethal event. Note that this equation also plots a line with zero initial slope. Thus 
the “single-hit multitarget” and “quadratic” models are probably not accurate when dealing with the response of mammalian cells to small doses of radiation. One 
further model is described to address this important point.

Linear-Quadratic Model

This model assumes that cell killing was two components. One component is proportional to the given dose (D), and the second is proportional to the square of the 
given dose (D2). The equation that plots this survival curve is

Here a and b are constants of proportionality. The components of cell kill proportional to the dose and square of the dose are equal when

Expressing this relationship in words, the linear and quadratic components of cell killing are equal at a dose equal to the a/b ratio. Such a curve is shown in Figure 
12.2B. It has an initial slope (a), so it is perhaps a better predictor of the response of mammalian cells to low doses of radiation. However, such a curve continuously 
curves downward with increasing dose, which does not correlate well with the exponential (“straight”) response to larger radiation doses in actual experiments.

Thus no single mathematical model accurately fits experimentally observed cell survival across a broad range of radiation doses. The linear-quadratic model is a 
useful representation of the data, however, because it has only two adjustable parameters and is accurate in the range of doses used in daily standard fractionated 
radiation therapy.6 This model is often used when predicting the biologic effect of altering radiation-dose fractionation schemes and comparing them to standard 
(180–200 cGy per day) treatment regimens. The coefficients a and b relate to the two modes of cell killing, and the a/b ratio thus gives an indication about the relative 
importance of each. When a is large relative to b, the a/b ratio is high and the survival curve slopes steeply and near exponentially. Early-reacting normal tissues and 
tumors tend to have high a/b ratios. When b is large relative to a, the curve starts out with a shallow slope and a broad shoulder. This response is typical of 
late-reacting normal tissues. a/b ratio is a dose expressed in Gy; a is expressed in Gy –1 and b in Gy–2.

Predictive Assays

In vitro assays of radiosensitivity are important tools in radiobiology with the potential to guide clinical practice. If in vitro assays of radiosensitivity truly reflect in vivo 
radiosensitivity, then such assays may prove to be of considerable help in predicting those patients who are potentially curable with radiation, and those perhaps 
requiring more aggressive multimodality treatment. Several candidate factors, including hypoxia, clonogenic cell number, and intrinsic tumor cell radiosensitivity, have 
all been tested as potential predictive assays in this context. One assay, the fraction of cells surviving a dose of 2 Gy (SF 2Gy) has recently received much attention. 
The observation was originally made by Fertil and Malaise 7 and Deacon et al.8 that the radiosensitivity of cell lines derived from human tumors was characteristic of 
tumor type, and that tumors more difficult to cure in the clinic produced cell lines that are more resistant to low doses of radiation in vitro. The technique involves 
disaggregating tumor cells enzymatically, attaching cells as single-cell suspensions to tissue culture plates, irradiating the cells typically over dose ranges of 0.5 to 
6.0 Gy, incubating the irradiated cells in culture medium for up to 2 weeks, then assaying for surviving fraction. The data derived are typically fitted to the 
linear-quadratic modeling described previously and survival curves are generated. From these curves, the SF 2 Gy may be derived. Several preliminary reports are 
now available comparing clinical local control with SF 2Gy, and in at least some instances, a correlation is emerging. This assay has problems, however, 10 and as yet 
no consensus has been reached as to whether it will prove clinically useful enough to be routinely used.

REPAIR OF RADIATION DAMAGE

If cells could successfully repair all radiation damage, then ionizing radiation would produce no lasting biologic effect. Fortunately for the radiation oncologist, 
absolutely radioresistant cells do not exist. Biologic tissues clearly possess a differential ability to accumulate and repair radiation damage. Irradiated cells can be 
shown to behave differently in vivo versus in vitro. Malignant cells often fail to adequately repair accumulated radiation damage that is effectively repaired by normal 
tissue. An understanding of radiation damage and repair is helpful in exploiting the differential response of normal tissues and tumor cells, and thus the effective use 
of radiation in the treatment of cancer. Two operationally defined terms, sublethal damage repair (SLDR) and potentially lethal damage repair (PLDR) have been 
coined to account for the observation that cells can survive radiation under certain conditions. Although these terms were originally defined in an abstract way, without 
reference to the molecular or subcellular entities experiencing the actual radiation damage, a wealth of experimental data now exists to support the concepts, and 
perhaps to allow for the design of therapeutic strategies in the treatment of cancer. 11

Potentially Lethal Damage Repair

It was found that by altering a cell's environment following radiation, a proportion of the radiation injury could be obviated. This phenomenon was observed both in 



normal tissues and tumors, and it suggested that a component of radiation damage is repairable under certain environmental conditions and irreparable in others. In 
vitro, allowing cells to remain in a density-inhibited state (plateau phase) for several hours postirradiation, or incubating them in a balanced salt solution instead of 
culture medium, leads to improved survival indicative of PLDR. Similar conditions may be mimicked in vivo. For example, mouse thyroid or mammary cells may be 
irradiated in situ, then transplanted into a fat pad for survival assay. If the transplant is delayed several hours, then enhanced survival is seen, which is thought to be 
caused by PLDR.12 The hypothesis underlying such observations is that a porportion of radiation damage may be repaired if cells are somehow prevented from 
attempting the complex process of mitosis and cell division for a period following the radiation. This theory may then be of relevance to both normal tissues and 
tumors.

Normal tissues are often in a resting (nondividing) state akin to plateau-phase cell cultures in vitro. Tumors under certain conditions (e.g., nutritional impairment, 
hypoxia, etc.) may be unable to cycle a proportion of their cells through mitosis and thus create PLDR efficiently. The exact relevance of PLDR in the clinic is 
uncertain. No good evidence supports a differential in PLDR between normal and malignant tissue, so it is difficult to define a method to exploit this phenomenon in 
the clinic.12 It is noteworthy that the quality of the radiation is important in PLDR. It has been shown that PLDR does not occur following densely ionizing (high-LET) 
irradiation, such as neutrons, but can be shown in the same cells irradiated with sparsely ionizing (low-LET) irradiation, such as 50Co g-rays.13 The relevance of this 
finding in terms of the mechanism of such repair is unknown.

Sublethal Damage Repair

As discussed previously, the survival curve for mammalian cells irradiated in vitro has a characteristic shape (Figure 12.2A). The initial portion of the curve is 
shallower, sweeping downward in a continuously curving “shoulder” of varying magnitude and extent. The terminal portion has a steeper slope and falls 
“exponentially.” The general interpretation of the initial shoulder region is that a proportion of the radiation damage is being repaired and therefore not producing 
lethality. After sufficient radiation damage has been accumulated, each additional dose causes exponential cell kill. Although these lower radiation doses are not 
producing exponential cell kill, they are causing “sublethal” damage, which the cell appears capable of repairing under appropriate conditions. The association 
between the initial shoulder on the survival curve and SLDR has been well established. 14 Bacterial cells genetically deficient in repair enzymes, such as (rec-) E. coli, 
have exponentially falling survival curves with no shoulder ( Figure 12.1A). Herein lies one of the most important observations in radiobiology: Mammalian cells 
exposed to smaller doses of radiation (i.e., in the initial “shoulder” region) can repair proportion of the radiation damage (“sublethal damage”) given sufficient time and 
nutrients. A proportion of the cells irradiated, however, will sustain lethal damage and will not survive. Adding a second small dose of radiation reproduces exactly the 
same initial curve, and kill the same proportion of the remaining cells ( Figure 12.3). The survival curve for multifractionated irradiation can be generated by joining 
these curves as shown. Theoretically, this curve approaches an exponential decline, with a uniform albeit shallower slope than seen with acute single-dose 
exposures. The broader the shoulder, the greater the capacity for repair. In general, the survival curves of late-reacting normal tissues have such “shoulders.” Thus 
multifractionated radiation schedules, using small doses per fraction, tend to spare late reactions in normal tissues.

FIGURE 12.3. Theoretical survival curves illustrating the effect of repeated administration of 3 Gy doses of radiation to a population of mammalian cells. Because of 
the cells' capacity to repair sublethal damage caused by these doses, a proportion of the cells survive each time, giving rise to the shoulder. The net effect of such 
fractionation yields an exponentially falling curve ( dotted line) much shallower than when single doses are used (solid lines). Thus the “sparing” effect of radiation dose 
fractionation.

Evidence for this important phenomenon was first provided in the classic studies of Elkind and Sutton. 15 In a series of experiments comparing the lethality of a large 
single dose of radiation with the same total dose, split into two smaller fractions and separated by a time interval (fractionated irradiation), it was shown that the split 
dose produced less lethality.16 The interval between the two fractions allows SLDR. The half-time for this repair has been estimated at 0.5 to 1.5 hours depending on 
the cells studied.14 The fading-time has been defined as the time taken for this repair to decay to an undetectable level (e.g., less than 5%). Thus one can calculate 
that in acute-reacting cells, including most tumors, where SLDR is less developed (e.g., less than 20%), the fading-time would be three to four hours for acute effects. 
In late-reacting normal tissues, where sublethal damage repair may be significant (50%), the fading-time may be on the order of 5 to 6 hours for late effects. As a 
direct consequence of these observations, clinical studies using altered radiation-dose fractionation (e.g., hyperfractionation) have usually incorporated a time interval 
of at least 6 hours between fractions to avoid severe late normal tissue reactions. 17 Such studies involving patients with head and neck cancers, 18 as well as small cell 
lung cancer (SCLC)19 have generally shown equivalent to improved local control rates with acceptable long-term toxicities. Just as has been observed in the case of 
PLDR, sublethal damage is significant for low-LET radiation, including x-rays, but is insignificant following neutron-beam irradiation. 12

Dose-Rate Effect

The sparing effect of fractionating a radiation dose over time has been explained by the SLDR in those cells whose survival curve is characterized by an initial 
“shoulder” (e.g., late-reacting normal mammalian tissues). As shown previously, it is a feature of low-LET irradiation (i.e., X- and g-rays) and is not seen for high-LET 
irradiation (i.e., neutrons, a-particles, etc.). Stated a different way, a given single dose of radiation tends to spare normal tissues if it is protracted over time. Dose 
fractionation is one example of protracting the treatment time to spare such tissue. A second example is provided by slowing the rate at which a single continuous 
dose is given. This process is referred to as the dose-rate effect. This effect has been demonstrated in vitro as well as in vivo and is an important radiobiologic tenet 
underlying effective administration of radiation in the clinic. Reducing the dose-rate at which certain cell lines are irradiated in vitro shows a progressive sparing effect, 
most marked between 1 to 100 cGy/min as shown in Figure 12.4.20,21 and 22 Tremendous variability exists among differing cell lines irradiated at varying dose-rates in 
vitro, depending on their ability to accumulate and create SLDR. 12 Furthermore, little if any additional effect is seen at rates above 100 cGy/min. However, over a 
range of dose rates between 0.3 to 1.6 cGy/min, a paradoxical “inverse” dose-rate effect is observed ( Figure 12.4); the survival curve becomes steeper once again as 
cell-cycle effects increase the radiation sensitivity and outweigh the effect of SLDR. 21 Of course, similar to fractionating radiation doses, little benefit would be gained 
in altering dose-rates in the clinic, if the lower dose-rates also spared tumor cells. Fortunately, data suggest that tumor cells do not show the same response to altered 
dose-rates as to normal tissue.12 The EMT6 mammary sarcoma and the KHT sarcoma in the mouse show much less sparing effect to reduced dose-rates than normal 
tissues.23,24 Thus we may begin to exploit the differential response of normal and malignant cells to varying radiation dose-rate.

FIGURE 12.4. Radiation dose-response curves for human S3 HeLa cells exposed to varying dose-rates of continuous radiation. Note that as the dose-rate is lowered, 



a greater proportion of the cells survive. Note also the paradoxic increased killing at 0.6 cGy/min, which is caused by cell cycle blockade. At this dose-rate, the cells 
are selectively blocked at G2/M, a more radiosensitive phase of the cell cycle. (From Mitchell JB, Bedford JS, Bailey SM. Dose-rate effects in mammalian cells in 
culture III. Comparison of cell killing and cell proliferation during continuous irradiation for six different cell lines. Radiat Res 1979;79:537, with permission.)

The dose-rate effect has proven to be important in the response of both normal lung and lung tumors to radiation. Clinical and experimental studies have clearly 
shown a marked sparing effect in the lung as a result of fractionating radiation doses. 25,26 and 27 In vivo assays in the mouse model showed a sparing effect of low 
dose-rate irradiation in terms of the development of radiation pneumonitis. 28 Histologic comparison of radiation reactions in the lungs of mini-pigs exposed to 750 cGy 
total body irradiation revealed a quantitative effect on the lungs with higher dose-rates (25 cGy/min) when compared to lower dose-rates (5 cGy/min). 29 Radiation 
pneumonitis in humans has been shown to correlate not only with absolute dose within the lung 30 but also with dose rate. 31 Experience with wide-field irradiation, 
including hemibody and total body irradiation, estimates that a dose of 930 cGy at 50 cGy/min is equivalent to 1,100 cGy at 10 cGy/min. Protocols using total-body 
irradiation for marrow transplant have sought to avoid lung toxicity by limiting the dose-rate to the lungs to the region of 10 cGy/min. 32

Limited data exist on radiation dose-rate effects in lung carcinoma cells in culture. When clonogenic survival alone is used as an end point, sparing effect of dose-rate 
reduction may be expressed as a dose-reduction factor (DRF). 33,34 This factor is defined as the ratio of doses required to reduce clonogenic survival (for example to 
1%), at low and high dose-rates. A series of four lung cancer lines so studied showed DRFs ranging from 1.19 to 1.57. No clear correlation between the overall 
radiation sensitivity of these lines and the DRF could be seen. 34 However, the more radiosensitive SCLC lines showed significantly more residual DNA damage 
(double-strand breaks), suggesting a failure of these cells to produce SLDR even at low dose-rates, whereas the more resistant non–small cell lung cancer (NSCLC) 
lines showed significantly less residual DNA damage, in keeping with efficient repair at low dose-rates. Lung carcinoma lines in culture exhibit a marked heterogeneity 
in response to varying dose rates, as shown in Figure 12.5.35 Although NSCLC lines (NCI-H460 and A549) show increased survival at low dose-rates, the SCLC line 
(NCI-H69) shows no such variation in response.

FIGURE 12.5. Radiation dose-response curves for three human tumor cell lines as a function of dose-rate (HDR = 100 cGy/min, LDR = 1 cGy/min). A: A549, 
adenocarcinoma. B: NCI-H460, adenocarcinoma. C: NCI-H69, small cell. The non–small cell lines have shouldered survival curves and exhibit a dose-rate sparing 
effect, whereas small cell carcinoma has an exponential curve, and survival is unaffected by altering dose-rate. (From Sullivan FJ, Carmichel J, Glatstein E et al. 
Radiation biology of lung cancer. J Cell Biochem 1996;24:152, with permission.)

These findings suggest a possible strategy for improving the therapeutic outcome in SCLC. A reduced dose-rate (1 to 5 cGy/min) in SCLC would effect cell killing 
equivalent to standard/high dose-rate irradiation (100 to 200 cGy/min), with less toxicity to normal tissue (e.g., lung and esophagus). This strategy has been recently 
brought to clinical trial at the National Cancer Institute (NCI), and early tumor responses are encouraging, with a suggestion of less acute toxicity. Should tumor 
response rates be equivalent to standard radiation responses, with less acute toxicity, this might allow for the possibility of escalating the total radiation dose and/or 
treating greater tumor volumes.

RESPONSE OF NORMAL TISSUES TO RADIATION

The differential response of normal tissue and tumors underlies the successful use of ionizing radiation in treating cancer patients. In order to predict the likelihood of 
sterilizing a tumor and protecting the surrounding normal tissues, we must have some method of assaying radiation effects in vivo as well as in vitro. Here the biologic 
end points of relevance are altered structure or loss of function of a tissue or organ. When considering the radiotolerance of tissue, the critical targets may be thought 
of as functional subunits, and the tolerance of the tissue is related to the number as well as the radiosensitivity of such units. Biologic tissue consists of a 
heterogenous population of living cells, interacting in a complex fashion. Clinical effects of radiation are not predictable solely on the basis of cell kill but on a host of 
interrelated variables that may be difficult to accurately quantitate. It is recognized, however, that death of critical cells or functional subunits may contribute 
significantly to loss of function of the tissue or organ. Thus clonogenic assays that can quantitate cell death in vivo may predict functional impairment within tissue. 
This process is particularly dramatic in tissues consisting of cells that are proliferating rapidly as part of their normal function (e.g., bone marrow, gastrointestinal 
mucosa, testis, skin, hair follicles). Clonogenic assays can be used to construct dose-response curves reflecting the radiosensitivity of such tissues. The dose 
required to see a measurable effect on the function of such a tissue is termed the threshold dose and may be quite low, depending on the intrinsic radiosensitivity of 
the individual cells.

A second strategy for estimating radiation effects in tissues relies on loss of observed function (including death of the animal) with increasing radiation dose. Such 
assays have been described for normal lung, skin, and spinal cord tissues among others. The following sections discuss the tolerance of various organs and biologic 
systems to irradiation. The concept of radiotolerance needs to be further defined. Individual variability makes medicine an inexact “science.” Nothing better 
exemplifies this concept than the tolerance of human tissue to ionizing radiation. Extrapolating in vitro and animal data to humans is a risky business. Nonetheless, 
this process and the collective (and often empiric) observations of clinicians in the practice of radiotherapy, guide us in treating patients. Ideally, one would like to 
know the tolerance of the whole body and each organ system (e.g., respiratory, gastrointestinal, neurologic, etc.) to both single doses as well as fractionated 
irradiation. In practice, these data are not completely available. For some situations, the only available information is the dose of irradiation that is known to kill 50% of 
animals tested. Such lethal dose (LD 50) data are available from a variety of sources for different animal models as well as organ systems. 36 The most widely utilized 
measure of radiotolerance in the human is the tolerance dose (TD) system described by Rubin et al. 37 This system assesses a percentage risk of a complication 
occurring within a given time interval after treatment. The TD5/5 represents a 5% risk of severe complication within 5 years. This percentage is usually taken as the 
minimal tolerance dose. The TD50/5 represents a 50% chance of severe reaction within 5 years. These doses are limited in that they make no allowance for patient 
age, nutritional status, or the presence of other important factors such as prior surgery, chemotherapy, or irradiation. Recent attempts have been made to review 
accepted normal tissue tolerance levels with respect to the influence of volumes irradiated. 38 It should be borne in mind that these doses are only guidelines and may 
be overridden in certain clinical situations. For example, it may be perfectly reasonable to expose a patient to a higher than usually considered acceptable risk of 
radiation injury if the clinical situation warrants intervention, if no reasonable alternative is available and if the patient is fully informed and accepts such risk. In 
general, however, clinicians prefer not to exceed quoted doses, especially in an environment dominated by fear of litigation. These data are provided, together with 
experimental models where available, and clinical information for each body system.

Cell Death in Tissue: Necrosis and Apoptosis

The classic observation by Kerr et al. in the early 1970s of a distinct mode of cell death, distinguishable histologically and in other ways from necrosis, paved the way 
for a fascinating series of observations concerning a genetically programmed cell death. 39 Apoptosis, or programmed cell death (PCD) has since been reported as a 
consequence of a bewildering variety of stimuli and may be important in several disease states. 40,41 Cellular necrosis is a consequence of environmental insults such 
as hypoxia, toxins, complement attack, hyperthermia, viral lysis, and so on, and follows a relatively well-defined morphologic and biochemical path ( Table 12.1). 
Apoptosis, on the other hand, shows morphologic features quite distinct from necrosis. The original description by Kerr was “shrinking necrosis” ( Table 12.2).



TABLE 12.1. FEATURES OF CELLULAR NECROSIS

TABLE 12.2. FEATURES OF APOPTOSIS

Although the final pathway of both processes has similarities, the triggering events are very distinct. PCD is a highly active process requiring energy (ATP) and 
signaling factors including calcium 42 essential for the activation of specific endonucleases. 43 A burst of cellular protein and RNA synthetic activity always precedes 
PCD, and inhibition of endonuclease activity, such as by protein inhibitors (actinomycin-D, cycloheximide), blocks apoptosis. This process is not true of necrosis, 
which is accompanied by a loss of protein synthesis and a decline in oxidative phosphorylation that is not affected by actinomycin D.

Apoptosis has been shown following irradiation in several systems. 44,45,46 and 47 The intriguing phenomenon of interphase death in lymphocytes following irradiation 
suggested a role for apoptosis.48,49 and 50 The rapidity of onset of this mode of death (6 to 7 hours) 44 offers perhaps a more appealing explanation for the well-known 
ability of radiation to induce measurable and rapid shrinkage in certain tumors, 51 and early acute reactions in normal tissues, than mitotic-linked death. Attempts are 
currently underway to link apoptosis in the causation of acute radiation effects in the clinic.

“Acute” and “Late” Radiation Reactions

The effects of ionizing radiation on biologic tissues can be usefully considered in two categories. Those occurring during or immediately following the course of 
radiation are considered “acute” or “early,” whereas those occurring months to years after completing therapy are termed “chronic” or “late.” The exact chronology of 
these events is not strictly defined, and some authors have preferred the terms “acute,” “subacute,” “chronic,” and “late,” depending on the time of observation. 52,53 
We will define “acute/subacute” effects as those occurring during and up to 6 months, and “late” effects as those occurring from 6 months to several years from 
treatment. These terms are important not only in understanding the pathophysiology of radiation effects, but also in counseling patients receiving radiation therapy in 
the clinic.

Acute Effects

As noted previously, reproductive cell death is thought to be the most important consequence of radiating biologic tissue. The threshold dose is that which kills a 
sufficiently large proportion of the cells so that a measurable effect may be observed in the tissue. Actively cycling cells are particularly sensitive to the effects of 
ionizing radiation and undergo mitotic-linked death when attempting reproduction. It follows, therefore, that tissues composed predominantly of actively cycling cells 
(e.g., bone marrow, gastrointestinal mucosa, skin, and rapidly growing tumors) are most susceptible to cell kill, and furthermore manifest a measurable radiation effect 
relatively quickly after doses in excess of the threshold dose. 54 Such tissues in which active cell division is required to maintain the function of the organ are often 
referred to as acutes reacting tissues. It is further true that loss of a cell destined to undergo differentiation along multiple lines, such as a pluripotent stem cell in the 
bone marrow, also results in loss of all potential progeny, and therefore exerts a greater biologic effect than loss of a relatively well-differentiated cell, such as a late 
normoblast or mature myelocyte.14 The radiation sensitivity of each tissue thus depends to a great extent on the number and cell cycle kinetics of these target or stem 
cells.

Nonetheless, measurable effects of radiation can sometimes be encountered in a matter of hours, too fast to be easily explained by cells attempting to undergo 
mitosis. The link between apoptosis (PCD) and radiation has been recently established as described previously. The rapidity of apoptotic cell death (hours) is a more 
appealing explanation for rapid onset “acute” radiation reactions and may well be an important component of such events. This correlation has not as yet been 
definitively shown. In addition to actual cell death, it should further be borne in mind that the body's reaction to acute injury of any kind, including inflammatory 
response, hyperemia, edema, release of chemotactic, and other factors, also underlies the acute radiation reaction. 55 Such effects are important in the body's 
homeostasis and repair of radiation injury to normal tissues. In practice, virtually all patients undergoing therapeutic irradiation experience acute symptoms caused by 
radiation injury to normal tissues in the irradiated field. These symptoms range in severity from insignificant to severe and at times life-threatening. Acute reactions are 
usually rapidly repaired and completely reversible. The vast majority resolve within 4 to 6 weeks of completing the course of therapy. These effects are further 
elaborated by individual body system in following sections.

Late Effects

In contradistinction to acute radiation effects, “late” effects differ in time course and natural history from acute reactions. The onset is usually several months following 
completion of therapy, and they are generally irreversible. The degree to which a late side effect of radiation is clinically important is highly variable. Although patients 
treated with modern radiation technique almost invariably experience self-limiting acute effects that are clinically apparent, the occurrence of clinically significant late 
effects is far less common. The occurrence of an acute reaction is not necessarily predictive of subsequent late reactions. The pathologic hallmarks are fibrosis, 
atrophy, vascular damage, and less frequently necrosis. Although the exact cause of late effects is debatable, it seems likely that a combination of direct cytotoxicity 
on tissue stem cells, allied to indirect effects from damage to microenvironmental supporting tissues (e.g., vascular and lymphatic systems) is important.

Tissues particularly at risk for late reactions are generally those with slow cellular renewal and long cell cycle times. Reduction in the number of stem cells 56 and loss 
of reproductive ability in those remaining have both been implicated in the genesis of late reactions. The slower proliferation rate and longer cell cycle times (months 
to years) account for the delayed onset and gradual manifestation of these effects. For example, it has been shown that the turnover time of normal tissue 
endothelium in the mouse is estimated to be 20 to 2,000 times longer (47 to 23,000 days) than tumor cells derived from the same animal (2.4 to 13 days). 57 In 
addition, loss of vascular endothelial and other supporting stromal cells along with growth and regulatory factors may also play a role. 58 Although the latent interval 
between radiation and late effects shortens with increasing total radiation dose, 59 the severity of these effects worsens with increasing radiation dose-fraction size. It 
has been suggested that stem cells in late-reacting tissues may have a better capacity to repair damage from smaller fraction of radiation, possibly related to the 



prolonged cell cycle times, than early-reacting stem cells. 58

The following sections detail the response of those normal tissues most often irradiated in the radiation management of lung cancer. The skin, gastrointestinal tract, 
and bone marrow are early-reacting tissues, whereas the spinal cord and lung are late-reacting.

Skin

Skin is a complex structure comprising an epidermis and dermis. The epidermis contains keratinocytes, dendritic cells, melanocytes, Langerhans cells, and hair 
follicles. It is regenerated from proliferative units in the basal layer. The epidermis is a rapidly proliferating (acute-reacting) body tissue. The dermis is a dense 
connective tissue containing fibroblasts, sebaceous glands, and lymphovascular channels, which play a major role in the radiation response. It is considered a slowly 
proliferating (late-reacting) tissue. Thus the full spectrum of normal tissue reactions, both acute and chronic, are easily seen in the skin and are a common feature of 
clinical radiotherapy.

Clinical Features. The acute and chronic skin reactions are listed in Table 12.3. The hallmark of acute damage is erythema, which appears in three phases.58 
Erythema is the result of keratinocyte damage in the epidermis and dilatation of superficial blood vessels in the dermis. The phases are early (within 24 hours of a 
single dose of 4.5 to 5.0 Gy) lasting 2 to 3 days; main erythematous reaction (appearing within 8 days of a single 8 to 10 Gy dose) peaking within 8 days; and a third 
phase, which sometimes develops 6 to 7 weeks following a course of irradiation and lasts 2 to 3 weeks. Marked erythema is seen to conform exactly to the irradiated 
portal. Intermediate doses of irradiation (10 to 12 Gy single dose) produce dry desquamation within 1 month. High (15 Gy single-dose) or tumoricidal fractionated 
doses kill all basal cells and expose the underlying dermis. Serous weeping from the exposed dermis is termed moist desquamation. Very high doses of irradiation 
result in epidermal necrosis with separation of the epidermis from the dermis and bulla formation. Melanocytes are located in the basal layer of the epidermis at a 1:10 
ratio to the keratinocytes and produce melanin, which pigments human skin and hair. 60 Stimulation of the melanocytes after irradiation may produce increased 
melanin, which may be deposited in the dermis and appear as increased pigmentation. Higher doses may kill melanocytes and cause depigmentation. Altered 
pigmentation is a feature of both acute and chronic radiation injury. 61 Actively growing hair follicles are particularly radiosensitive. It has been estimated that as many 
as 86% of scalp follicles are in the anagen phase at any point in time, 61 thus hair loss and pigment change is a feature of radiation skin injury. The extent of loss and 
subsequent recovery is a function of radiation dose. Permanent alopecia may result from high doses. Added insult from chemotherapy may also affect recovery. Late 
radiation changes produce atrophy, hyperkeratosis, fibrosis, telangiectasia, and marked reduction in resistance to subsequent injury (infection, surgery, 
chemotherapy, etc.). Reduction in dermal fibroblasts, and cross-linking of collagen result in loss of elasticity. 58 Altered sweat gland function is particularly important in 
patients receiving total electron skin therapy for diseases such as mycosis fungoides. Increased risk of carcinogenesis is most marked in children and patients 
receiving low doses of radiation (2 to 10 Gy). Low doses are thought more likely to induce mutations, whereas high doses sterilize irradiated skin. The Radiation 
Therapy Oncology Group (RTOG) and European Organization for Research and Treatment of Cancer (EORTC) have defined clinical grading criteria for skin injury 
due to radiation.62 These grading systems are useful for ensuring uniformity in reporting radiation toxicities.

TABLE 12.3. CLINICAL FEATURES OF RADIATION SKIN INJURY

Radiobiologic Features. Since the earliest observation of radiation-induced skin changes by Freund in 1897, an immense amount of radiation biology has been 
learned by the study of various skin model systems. Both clonogenic and functional assays have been described, and much important time dose fractionation (TDF) 
information has been applied to radiation treatment strategies. The following section outlines the model systems used and lists the basic radiobiologic information 
derived.

Clonogenic Assays. Classic studies by Withers provided in vivo clonogenic data for radiation reactions in mouse skin. 63,64 and 65 Data deriving from these experiments 
are shown in Table 12.4.

TABLE 12.4. SKIN: BASIC RADIOBIOLOGIC PARAMETERS

Functional Assays. Classic observations by Strandqvist66 on 280 patients undergoing skin irradiation at various TDF schedules attempted to define isoeffect curves 
for the irradiation of human skin. Further work by Ellis 67,68 and Fowler et al.69,70 and 71 brought to light the importance of number of fractions used as well as the overall 
treatment time. The observation of acute and long-term effects on the skin of rodents as well as pigs has provided invaluable information regarding skin tolerance and 
the effects of fractionation. Pig skin is remarkably similar to human skin in many respects. Fowler derived a scale of acute reactions to irradiation. 69 The acute and 
long-term reactions were found to correlate well with those observable in humans. The expense of the pig model led to the development of similar models in rodents, 
and scales of acute and long-term reactions have proven reproducible in these studies. 36

Gastrointestinal Tract The vast majority of patients irradiated for lung cancer receive an obligatory radiation dose to the esophagus. The anatomic proximity of this 
organ to the lung and mediastinum make this treatment unavoidable. Anatomically, the entire length of the gastrointestinal (GI) tract shares common generalized 
structural features. From superficial to deep, the major subdivisions are mucosa, submucosa, muscularis mucosae, muscularis propria, subserosa, and serosa (in part 
only). The mucosa of the esophagus is lined with nonkeratinizing stratified squamous epithelium. The mucosa and submucosa are surrounded by the muscularis 
propria, composed of striated muscle in the superior portion and smooth muscle inferiorly. The esophagus does not uniformly have a surrounding serosa. 72 The major 
acute reactions in the gut are typically a result of the effects of irradiation on the superficial layers (mucosa and submucosa). The late effects of irradiating the gut 
tend to produce full-thickness effects.

Clinical Features. Acute radiation esophagitis is a common accompaniment of radiation treatment in lung cancer. The epithelium of the esophagus is a moderately 



radiosensitive acute-reacting tissue. Large single doses are seldom if ever administered to the esophagus in clinical practice, so relatively little information exists on 
the acute reaction to such doses in the human. In a rat model, doses of 30 Gy produced submucosal edema at 4 days, necrosis of the basal epithelium at 6 days, 
intraluminal sloughing at 10 days, and re-epithelialization beginning at 14 days and complete at 20 days. 73 Even fractionated radiation produces mucosal injury. 
Symptoms include dysphagia and odynophagia, usually beginning in the second to third week of therapy. Symptoms generally increase in severity throughout the 
treatment course and subside within 1 to 2 weeks after completing therapy. The severity varies from mild, responsive to simple analgesics, to severe, requiring 
narcotic analgesia and parenteral support. The radiation tolerance of the esophagus is generally accepted as 60 to 65 Gy in 6 to 7 weeks at standard fractionation. 72 
The late effects of radiation damage in the GI tract develop at 12 to 24 months following treatment. Gut mobility is reduced, and wall thickening, induration, and 
fibrosis occur. Ulceration may lead to perforation. Mesenteric thickening and fibrous adhesions are common, and subacute/acute bowel obstruction may occur. The 
likelihood of adhesions is increased by prior surgery and chemotherapy. The incidence of late complications to the small bowel increases after fractionated doses in 
excess of 40 to 45 Gy to large volumes. Smaller volumes of small bowel will likely tolerate doses of 45 to 55 Gy. The radiation tolerance of the colon and rectum is 
greater, and doses of 55 to 70 Gy are generally tolerated to small-volume fields. 58

Radiobiologic Features. Both clonogenic and functional assays have been described for the GI tract, reflecting measures of both acute and late radiation gut injury.

Clonogenic Assays. Normal jejunal mucosa include villi and crypts. Stem cells divide rapidly, repopulate the crypts, and differentiate as they move up through the villi, 
to be eventually sloughed off into the lumen. They can be used as the basis for a clonogenic assay. Irradiating mouse jejunum initially denudes crypts (sensitive stem 
cells) and leaves villi (resistant differentiated cells) unscathed. Eventually the villi also disappear because of a lack of replacement cells from the irradiated crypts. 
Graded doses of total-body irradiation in mice (11 to 16 Gy) sterilize varying proportions of the crypt stem cells. Three to four days later the mice are sacrificed, and 
histologic sections of the jejuni are made to count the number of regenerating crypts per circumference. 36 Such assays like the one described by Withers 74,75 can yield 
information on gut radiation response as shown in Table 12.5. The late effects of radiation on the esophagus include a reduction in the number of capillaries, 
submucosal fibrosis and stricture of the lumen.

TABLE 12.5. GASTROINTESTINAL: BASIC RADIOBIOLOGIC PARAMETERS

Functional Assays. Acute esophageal radiation reactions have been studied in vivo.36 Thoracic irradiation in air-breathing mice denudes the esophagus in 6 to 10 
days and kills a proportion of the treated animals by 28 days. Those animals surviving at 28 days eventually go on to die from radiation pneumonitis. The early deaths 
are attributed to radiation esophagitis, and thus LD50/28 may be calculated reflecting acute radiation esophagitis ( Table 12.5). Such experiments provide useful 
information on the effects of different types of radiation and fractionation, as well as chemosensitization data, but are not useful for determining dose-response 
information.

Lung The radiation response of normal lung is critically important in considering the radiation biology and management of lung cancer, and this subject is also 
discussed in detail in Chapter 13. The lungs are generally considered among the late-reacting tissues, but both “acute” as well as “late” clinical reactions are well 
described following irradiation. In addition, the lungs are susceptible to damage from certain chemotherapeutic agents (bleomycin, cyclophosphamide, nitrogen 
mustard, procarbazine, etc.), and such effects must also be considered in the treatment of lung cancer patients.

Anatomy. The lung consists of two physiologically distinct sections with separate functions in respiration. 76 The respiratory tract, which conducts air from the trachea 
to the terminal bronchioles, and the acinar units, containing the alveoli that actually perform the gas exchange. At least five cell types occupy the alveoli: epithelial cell 
(type 1 and 2 pneumocytes), endothelial cells, macrophages, and interstitial cells. Type 2 pneumocytes are a proliferating population of cells that produce, store, and 
secrete surfactant. They are the progenitors of type 1, membranous pneumocytes. After radiation, the type 2 pneumocytes, which are relatively radiosensitive, swell 
and release surfactant into the interstitial spaces and alveoli. This reaction is a marker for early radiation injury in the lung.

Clinical Features. Two clinical syndromes, histologically distinct and chronologically separate, are described following irradiation of the lung. Radiation pneumonitis 
occurs 1 to 3 months following a course of radiation and is characterized by either asymptomatic pulmonic infiltrates on radiographic evaluation or a clinical syndrome 
of cough, fever, and shortness of breath. 58 The infiltrate on chest x-ray (or CT scan) characteristically corresponds to the radiotherapy treatment portal. The syndrome 
is generally self-limiting, but may require treatment with corticosteroids, and in severe cases, intensive ventilatory support. 77 If steroids are used, they must be 
cautiously withdrawn to avoid recrudescence of the syndrome. Pathophysiologically, damage to type 2 pneumocytes is believed to cause loss of surfactant, alveolar 
collapse, and interstitial edema. 76 Pulmonary fibrosis occurs as an inevitable consequence of the acute pulmonary reaction to radiation, whether or not the patient has 
shown evidence of acute radiation pneumonitis. The onset is generally 6 to 12 months after irradiation, and it is irreversible. Alveolar wall sclerosis, obliterative 
vasculitis, interstitial fibrosis, lung volume loss, and pleural thickening have been described. 77 Arterial hypoxia and a restrictive defect may be seen on pulmonary 
function testing. The functional impact of these reactions on the patient is largely related to the amount of lung irradiated, the total dose used, and the dose per 
fraction.

Radiobiologic Features. The lack of clear evidence as to the nature of the critical target cells following irradiation, coupled with the slow cell cycle times of those 
implicated (type 2 pneumocytes cell cycle time of 1 to 2 months58), means that no reliable clonogenic assay can assess lung radiosensitivity in vitro.76 Thus we must 
rely on in vivo functional or histological end points for such assessments.

Functional Assays of Lung Radiation Response.  The ultimate test of function of a vital organ after radiation is survival. LD 50 estimates have been described by 
Phillips et al. 25 Animals surviving the first wave of death (80 to 180 days) exhibited a second phase of damage at 6 to 12 months. This phase is thought to relate to 
radiation fibrosis. Dyspnea, manifested by increased breathing rate, can also be quantitated in animals to assess lung damage. 78 Airtight total-body plethysmography 
allows for a noninvasive test that can be sequentially applied to a single animal at intervals post irradiation. 76 Respiratory rate climbs rapidly with doses exceeding 11 
Gy in association with radiation pneumonitis at 14 to 24 weeks and fibrosis at 52 weeks. 36 Other functional end points, such as arterial blood gas analysis, have also 
been described in this context. Most experimental systems involve whole lung irradiation, and as such are not totally representative of the more common partial lung 
irradiation used in the clinic. Table 12.6 summarizes the quantitative data derived from these and other assays, as well as from clinical observation of the occurrence 
of lung damage following partial or whole lung irradiation. Although differing estimates of lung tolerance are quoted depending on the author and system used, the 
figures quoted in Table 12.6 are useful guidelines in the clinic.



TABLE 12.6. LUNG: RADIOBIOLOGIC PARAMETERS AND TOLERANCE DATA

Heart Portions of the heart often receive substantial doses of radiation that are unavoidable with current techniques. In the radiation management of the lymphomas, 
especially Hodgkin's disease, and certain carcinomas, including lung and breast, this radiation effect may be clinically relevant and at times life-threatening. Both 
acute and late effects are seen, and all anatomic structures of the heart are vulnerable. The radiotolerance of the heart is not clearly defined. Furthermore, as 
techniques assessing cardiac function have become more sensitive, it appears that probably no radiation dose to the heart is not accompanied by some measurable 
decrement in function. A useful rule of thumb in the clinic is that 60% of the volume of the heart appears to tolerate 40 Gy at standard fractionation, whereas 40% of 
the heart generally tolerates doses up to 60 Gy. This statement is empiric and imprecise. It must also be remembered that preexisting cardiac conditions are common 
and may be important in altering the radiotolerance. Similarly, chemotherapeutic agents (e.g., anthracycline drugs) may greatly affect cardiac function in this context.

Acute pericarditis may appear a few weeks to several years following radiation. Features include fever, tachycardia, substernal pain, and a friction rub. Pericardial 
effusion and even tamponade may occur, with radiographic and electrocardiographic changes typical of these syndromes. Approximately one-half of the cases are 
self-limiting, whereas the remainder progress to chronic pericarditis of varying clinical significance. Most patients will have received doses in the 40 to 50 Gy range in 
4 to 6 weeks to substantial portions of the heart. The incidence of significant pericarditis rises with doses in excess of 50 Gy in 5 weeks. 79 Chronic pericarditis occurs 
from 6 months to several years following radiation. The clinical syndrome comprises chronic restrictive changes with associated cardiac fibrosis and effusion. Clinical 
features are those of constrictive pericarditis, effusion, and ultimately progressive cardiac failure. Antecedent history of acute pericarditis is only elicited in 
approximately 50% of patients.

Myocardial dysfunction occurs because of vascular damage and progressive fibrosis and thickening of the myocardium. Coronary artery stenosis and occlusion is a 
particularly significant component of radiation injury to the heart. With mature follow-up now available from earlier studies using radiation therapy in diseases such as 
Hodgkin's disease and breast cancer, comes the realization of the importance of cardiac toxicity caused by radiation in clinical practice. Early trials of chest wall 
radiation in patients with breast cancer actually revealed a decrement in survival on the irradiated arm. It is now appreciated that this outcome was caused by excess 
cardiac deaths. Important causative factors included poor choice of radiation fields (internal mammary node groups), lower energy equipment, and higher daily doses 
(>2.5 Gy). With attention to proper technique, cardiac injury is no longer being encountered, and more recent trials are beginning to show a trend toward improved 
survival.80 Likewise, long-term follow-up of patients treated with radiation for Hodgkin's disease are now also showing markedly increased rates of various cardiac 
injuries including myocardial infarctions. 81 Factors implicated again include higher total doses and dose per fractions used. The recent development of sophisticated 
cardiac pacemaker devices, and the frequent coexistence of lung cancer in patients fitted with them has highlighted the occurrence of pacemaker malfunction caused 
by ionizing radiation. Guidelines are now being drawn to avoid clinical problems in such patients. 82 Careful attention to these factors is therefore warranted in the 
radiation management of the lung cancer patient.

Hematopoietic Tissues  The sensitivity of hematopoietic tissues is perhaps the single most important factor limiting the dose of cytotoxic therapies in the clinic. The 
requirement for rapid reproduction of the cellular elements in blood to maintain homeostasis (gas exchange, immune protection, and coagulation) calls for a 
prodigious clonogenic output and therefore renders this tissue especially sensitive to ionizing radiation and myelotoxic chemotherapies. An exhaustive discussion on 
this topic is beyond the scope of this chapter, but key points are highlighted as they apply to the management of lung cancer patients.

Anatomy and Physiologic Features.  The bone marrow may thus be regarded as a single organ with structural organization for hematopoiesis. 58 Given the 
quantitative importance of radiation volume in terms of toxicity, the location of active marrow within the adult skeleton becomes a key issue ( Figure 12.6).83

FIGURE 12.6. A graphic representation of the distribution of active bone marrow in the adult skeleton. Note that more than 80% of active marrow in health is in the 
axial skeleton, with approximately 30% in the vertebral bodies. (From Ellis, Thames HD, Withers HR, Peters LJ, et al. Changes in early and late radiation responses 
with altered dose fractionation: implications for dose-survival relationships. Int J Radiat Oncol Biol Phys 1982;8:219, with permission.)

Clinical Features. When functional bone marrow is included in the radiation portal, an inevitable loss of stem cells occurs. The greater the volume of marrow, the 
greater the loss. Clinical effects are thus most easily observed following total-body irradiation (TBI). However, limited-field irradiation can cause measurable marrow 
toxicity, especially when significant amounts of the axial skeleton and pelvis are irradiated ( Figure 12.6). Prior or concomitant myelotoxic chemotherapies can also 
aggravate the situation. Changes in peripheral blood counts may not mirror cytotoxic damage in time or extent because compensatory mechanisms may mask the 
marrow toxicity, and the life cycle of mature cellular elements in the blood may be sufficiently long (e.g., red cell = 120 ± 30 days) so as to obscure the effect on the 
marrow. As always, stem cells are most sensitive to radiation, whereas the more mature and differentiated cells are relatively resistant.  Following a TBI dose of 30 
cGy, peripheral lymphocyte counts fall in humans.58 Doses of 3 to 8 Gy cause profound lymphopenia, followed by granulocytopenia, thrombocytopenia, and anemia. 
The nadir in counts occurs at 2 to 3 weeks, and death occurs in a proportion of cases. A measure of bone marrow toxicity from radiation is the LD50/30 for animals 
and LD50/60 for humans. This measure is the dose that kills 50% of those irradiated at 30 days (animals) and 60 days (humans). The LD50/60 for humans is variously 
quoted at 3 to 4 Gy.38 Death occurs as a consequence of infection or bleeding. The higher the dose, the deeper and more prolonged the nadir. 58 It should be stressed 
that with modern medical support, including empiric broad-spectrum antibiotics, transfusions, and marrow “rescue,” patients may survive whole-body doses up to 8 
Gy. Above 10 Gy the patient will likely die from gastrointestinal toxicity. Following partial marrow irradiation, compensatory hyperplasia in the unirradiated marrow 
usually maintains peripheral blood counts. With doses greater than 30 Gy, hemopoiesis rarely returns to normal in the irradiated volume. However, if substantial 
portions of the marrow are irradiated, regeneration occurs to a greater extent within the irradiated field, probably because of intense humoral stimulation needed to 
recover.58 Typically, when hypoplasia occurs following partial-marrow irradiation, platelet counts are the slowest to recover.

Radiobiologic Features. Clonogenic assays are available to assess the radiation sensitivity of bone marrow in vivo. The classic work of Till and McCulloch using 
supralethally irradiated mice (9 to 11 Gy), in whom marrow is infused following increasing exposure to radiation, has yielded much valuable information on the 
radiosensitivity of hematopoietic tissue. 84 The spleen is assayed for the number of colonies, each representing a pluripotent stem cell surviving the test irradiation 



dose. These and other studies have confirmed that hematopoietic tissue is an acute-reacting and relatively radiosensitive tissue ( Table 12.7).

TABLE 12.7. HEMATOPOIETIC TISSUE: BASIC RADIOBIOLOGIC PARAMETERS*

Central Nervous System The proximity of the spinal cord to the lung and mediastinal nodes makes it virtually impossible to avoid obligatory irradiation of this critical 
structure. The tolerance of the cord is therefore of paramount importance in the radiation management of the lung cancer patient. Nervous system tissue is a classic 
example of late-reacting tissue, and although acute toxicities can occur, the major concern is avoidance of a catastrophic late sequela—myelopathy.

Anatomy. Neurons are terminally differentiated cells that do not undergo cell division. As such, they are relatively resistant to radiation. However, important stromal 
support tissue, including Schwann cells, oligodendrocytes, and vascular endothelium, are susceptible. Damage to Schwann cells and oligodendrocytes is thought to 
cause loss of the myelin sheath, a protective support tissue. Demyelinization is implicated in the early radiation injury to the cord.

Clinical Features. Although a long-held belief states that the tolerance of the spinal cord varies according to the anatomic segment irradiated, objective evidence 
supports this belief.85,86 The factors associated with the development of cord injury are principally dose (total and fraction size 87) and volume. When greater than 10 
cm of cord is irradiated, most clinicians do not exceed total doses of 45 to 50 Gy at standard fractionation (1.8 to 2.0 Gy/day). It is also important to realize that other 
factors, such as concomitant chemotherapy, may also reduce the tolerance of the cord to radiation. 88 Early reversible myelopathic syndromes may appear within a few 
weeks following cord doses of 50 to 60 Gy. Lhermitte's syndrome is characterized by an acute episode of demyelination, with symptoms of “electric shock” or “tingling” 
in the spine, aggravated by tilting the head (the “barber's chair sign”). This syndrome is generally self-limiting and is not associated with the inevitable development of 
permanent myelopathy. Late radiation injury to the spinal cord is a potentially catastrophic event that can usually be avoided by adhering to doses and fractionation 
schedules considered “safe.” The most common cause of late radiation injury in clinical practice is overdosage at the junction of two abutting radiation fields. The 
onset is 6 months to 4 years from the end of treatment. The incidence is hard to determine because irradiated patients often do not survive their cancer long enough 
to be at risk for such damage. Although dose and fractionation are clearly extremely important, the occurrence of myelopathy with doses considered within “tolerance,” 
indicates that other factors must be involved. Demyelinization and atrophy of the cord is visible on MRI scanning, and histologic evidence of absent glial cells, 
necrosis, infarcts, and hyaline degeneration may be seen microscopically. 58 Clinically, a Brown-Sequart syndrome evolves and is generally irreversible.

Radiobiologic Features. Just as is true in the case of the late-reacting tissues of the lung, no useful clonogenic assays can detect the slowly dividing normal tissues 
of the central nervous system (CNS). However, several useful animal models provide information on tolerance of the spinal cord and the effects of fractionation. The 
rat model with atrophy and dysfunction of the hind limbs has been used to study different fractionation schedules and the effects of reirradiation. 89,90 The potential 
protective effects of hyperbaric oxygen have been assessed in the mouse. 91 Other models utilize the guinea pig 92,93 rhesus monkey,94 and the dog.95

MODIFICATION OF RADIOSENSITIVITY

Biological Aspects

In 1961 Terasima and Tolmach showed that cells vary in their radiosensitivity as a function of their position in the cell cycle. 96 In general, the ordering of 
radiosensitivies from the most resistant to the most sensitive response with respect to phases in the cell cycle are as follows: late S, early S, early G1, late G1, G2, 
M.97 The difference in radiosensitivity from a cell in late S-phase versus mitosis is on the order of 2.5 to 3.0 fold. It is impressive that the same cell would vary so much 
in radiosensitivity as it simply traverses the cell cycle. Little is known as to why this happens. Possible explanations may be differential repair capacities, inability to 
appropriately arrest in critical phases of the cell cycle for repair, or changes in the biophysical nature of DNA as cells progress through the cell cycle. Presently this 
area of research is fruitful now that several molecules (in particular, the cyclins) have been discovered that are important in controlling movement through the cell 
cycle.98,99 and 100

Considerable radiosensitization could be achieved in a population of cells if they could somehow be synchronized into radiosensitive phases of the cell cycle such as 
G2, M, or the interface of G1 and S-phase. Radiation exposure (either acute exposures or continuous low dose-rate irradiation) has long been known to impose cell 
cycle blocks, in particular, in the radiosensitive G2-phase of the cell cycle. 21,101 Recent information identifies increased levels of mitotic cyclins as key biochemical 
events initiating mitosis. In HeLa cells, cyclin B mRNA and protein levels have been shown to increase in G2 and to decrease after division is completed. Cyclin B 
protein binds to cdc2, resulting in histone kinase activity, which is necessary for the initiation of mitosis. Radiation has been shown to alter levels of cyclin B and thus 
may interfere with the progression of cells from G2 to mitosis. 102 Indeed, continuous irradiation at low dose-rate has been shown to become much more efficient with 
respect to cell killing once cells are blocked in G2. 21

Likewise, several drugs impose cell cycle blocks and have been used as radiation sensitizers. 103 Two examples are hydroxyurea (HU), evaluated many years ago, 
and more recently, paclitaxel (taxol). HU blocks cells at the G1/S-phase interface, is cytotoxic to cells in S-phase, and inhibits radiation damage repair. 104 If HU is 
exposed to cells for a time equivalent to the total cell cycle time, then cells in S-phase are killed and cells that were in G2, M, and G1 are synchronized at the 
G1/S-phase interface. When HU is removed, this cohort of cells moves synchronously through the cell cycle, and the cells become more radiosensitive as they move 
into G2 and M. This observation has been shown for in vitro cell cultures,105,106 and 107 but it has been more difficult to demonstrate in vivo. Nonetheless, HU has been 
extensively evaluated in the clinic as a potential radiation-sensitizing drug. 108,109,110,111,112,113,114,115,116,117 and 118

Paclitaxel binds to microtubules, possibly at a site on b-tubulin, 119 and interferes with normal microtubule structure and function. The effects of paclitaxel on nuclear 
microtubules probably account for most of the cytotoxicity manifested by the drug. Nuclear microtubules become shortened and form numerous abnormal spindle 
asters as paclitaxel-treated cells enter mitosis. 120 Normally, only two spindle asters appear in cells during mitosis, and these cells facilitate the separation of 
chromosomes before cell division. The abnormal microtubule asters that arise in mitotic cells following paclitaxel exposure do not contribute to cellular division. 
Indeed, paclitaxel markedly prolongs the duration of mitosis. 121 In order for paclitaxel to exert cytotoxicity, cells must be moving through the cell cycle because cells in 
plateau phase are resistant to paclitaxel ( Figure 12.7A).122 Long-term treatment of cells with relatively low concentrations of paclitaxel results in radiosensitization of 
log-phase cells, but no radiosensitization is observed for cells exposed to paclitaxel and subsequently irradiated ( Figure 12.7B).123 This radiosensitization is most 
likely caused by the paclitaxel-mediated G2/M block in the cell cycle. 123,124 and 125 In clinical trials, paclitaxel alone has exhibited activity against several malignancies, 
including ovarian, 126 breast,127 head and neck,128 and NSCLC carcinomas.129 Combination of paclitaxel with radiation may have utility in lung cancer treatment given 
paclitaxel's activity alone in lung cancer and its ability to block cells in radiosensitive phases of the cell cycle.



FIGURE 12.7. Cytotoxicity of paclitaxel (taxol) in V79 cells. A: illustrates the cell cycle specificity of paclitaxel. Because paclitaxel interferes with microtubule function 
during mitosis, actively cycling cells are much more sensitive. B: shows that paclitaxel sensitizes log-phase (cycling) but not plateau-phase (resting) cells to radiation. 
(From Liebmann JE, Cook JA, Fisher J, et al. Cytotoxic studies of paclitaxel (Taxol) in human tumour cell lines. Br J Cancer 1993;68:1104, with permission.)

Physical Aspects

The response of cells and tissues depends on the type of radiation used. 130,131 Examples of different types of radiation include x-rays, electrons, protons, neutrons, 
a-particles, and heavy-charged ions (e.g., C, Ne, Ar). As a photon or charged particle moves through cells or tissue, it transfers its energy randomly. The average 
energy lost per unit of track length of the photon or charged particle is referred to as LET. The radiation response of cells and tissues depends on the LET. In general, 
as the LET increases, the effectiveness of radiation increases and the dependence on oxygen (see following) decreases. 53,132 For example, cell killing for a given 
dose of radiation is greater for neutrons and a-particles (LETs, 2-10, and 100-200 kev/µ, respectively) than for x-rays (LET, 1 kev/µ ) ( Figure 12.1C). The use of high 
LET for cancer treatment carries several potential advantages over conventional x-ray treatment, including improved dose distribution, enhanced radiosensitization of 
hypoxic cells, and less radiation damage repair. 53 Despite these potential advantages, the use of high LET has not become a mainstay in clinical radiotherapy. Some 
problems reside in unacceptable normal tissue toxicities observed with high-LET treatments and simply the cost and complexity involved in maintaining such 
sophisticated equipment.

Chemical Aspects

The inherent radiosensitivity of cells and tissues can be influenced by several chemical approaches and manipulations, which is important for at least two reasons. 
First, modifying the radiosensitivity by specific agents of known mechanisms of action can provide information about how radiation damage is registered and repaired. 
Second, selective modification of radiosensitivity, for example, in tumor as opposed to normal tissue, could provide therapeutic possibilities. In radiation oncology the 
major goal is to develop a treatment that affords a therapeutic gain; that is, enhanced tumor response without increased damage to surrounding normal tissue. It is 
well established that, for most tumors, increasing the radiation dose results in improved local control. 133,134,135,136 and 137 Ideally, the use of tissue-specific radiation 
sensitizers or protectors could result in an effective increase in the tumor radiation dose. For example, if a tumor-specific radiation sensitizer enhanced the 
effectiveness of radiation by a factor of 1.5, a delivered dose of 10 Gy would actually be equivalent to 15 Gy. Likewise, a specific radiation protector of normal tissue 
would allow for more radiation dose to be delivered to the tumor without enhancing normal tissue damage. Much research has gone into the development of both 
radiation sensitizers and protectors as a means of improving the local control of tumors by radiation, and examples of major classes are discussed in following 
sections.

RADIATION SENSITIZERS

Oxygen

Perhaps the most efficient radiation sensitizer is molecular oxygen. Oxygen has long been known to enhance the effectiveness of radiation (x-rays) in killing cells in 
culture by a factor of 2 to 3 compared to when irradiation is conducted under oxygen-free conditions. 138 In other words, if cells are irradiated in an hypoxic (<0.5% 
oxygen) as opposed to aerobic (~20% oxygen) environment, they are two to three times more resistant to the cytotoxic effects of radiation. When comparing the 
radiosensitivity of cells in aerobic versus hypoxic conditions, radiobiologists use the term oxygen enhancement ratio (OER), thus the OER for mammalian cells 
exposed to x-rays is 2.0 to 3.0. As discussed previously, it has been postulated that radiation produces carbon-centered radicals (most likely in the cellular DNA) that 
can react with molecular oxygen (a diradical molecule) to yield a lesion that is toxic and if not repaired results in death of the cell. 139 Under hypoxic conditions very 
few, if any, oxygen-related lesions are formed, and hence less cell killing results.

A major research effort has been directed toward the potential problem of the presence of viable hypoxic cells within tumors. In 1955 Thomlinson and Gray published 
a landmark study, which hypothesized that the presence of hypoxic cells in tumors may limit the effectiveness of radiation therapy. 140 This theory was based on the 
observation that tumor biopsy material taken from lung cancer patients contained distinct regions of viable tumor always near or surrounding blood capillaries. With 
increasing distances from the capillaries, regions of necrosis were noted. These observations prompted Thomlinson and Gray to make a series of calculations 
regarding the maximum distance oxygen could diffuse through actively metabolizing tissue. The distance obtained from their calculations was between 150 to 200 µ 
M. Actual measurements of their biopsy material revealed that viable tumor cells extended approximately 150 to 200 µ M from the capillaries; beyond this distance, 
evidence for necrosis was apparent. Thus Thomlinson and Gray hypothesized that a gradient of oxygen concentrations may exist as a function of distance from 
capillaries and that tumor cells located at 150 to 200 µ M, although still viable, are in an environment of extremely low oxygen concentrations. Such cells would be 
considered resistant to radiation, and thus their presence could limit the effectiveness of radiation cancer treatment. Considerable creditability was given to this 
hypothesis from the findings of Powers and Tolmach,141 who showed quantitatively using a rodent tumor model that viable radiobiologically hypoxic cells exist in vivo. 
The experiments of Powers and Tolmach are not amenable to the study of hypoxic cell presence in human tumors, and thus scientists have assumed their presence in 
human tumors and sought means to eliminate them.

Only recently has technology been available to determine if, in fact, hypoxic cells are present in human tumors. When oxygen electrodes are directly inserted into 
tumors and many readings are taken as the electrode is tracked through the tissue, regions within the tumor have been recorded as having low oxygen levels (<10 
mm Hg). The presence of hypoxia has been demonstrated in various tumor types, including head and neck carcinomas 142 breast carcinoma,143 malignant brain 
tumors,144 and cervical cancer.145 Regional hypoxia has also been observed using noninvasive positron emission tomography of [18F]fluoromisonidazole for prostate 
and SCLC.146 As more experience is gained with in situ oxygen measurements of tumors, it may be possible to select patients prior to therapy whose tumor has a 
significant hypoxic fraction and use approaches targeted at this radioresistant compartment.

To address the problem of hypoxic cells in tumors, radiobiologists and radiotherapists for the past 30 years have actively pursued various approaches to sensitize 
hypoxic cells to radiation. The goal of this research is to identify an approach that will reduce the OER from ~3.0 to 1.0; that is, hypoxic cells will have the same 
response to radiation as aerobic cells. Use of high LET radiation (i.e., neutrons) has been proposed because hypoxic cells exhibit less radioresistance under hypoxia 
to neutrons (OER = 1.7) than to x-rays.138 The use of neutrons in clinical radiotherapy has not yielded significant improvement in tumor response, and because of the 
cost of constructing and maintaining a clinical neutron facility, this option is not likely to be explored extensively. The use of hyperbaric oxygen has been evaluated 
both experimentally and clinically. The idea here is to force oxygen into hypoxic regions of tumors using hyperbaric oxygen (100%). This approach has shown some 
degree of hypoxic radiosensitization in rodent tumors, 141 but the results in the clinic have not been impressive, primarily because of low patient accrual because of the 
problems associated with multiple treatments (~20 to 30) at hyperbaric oxygen levels.

Another approach that has received more attention is the development of chemicals that would not be metabolized like oxygen but could diffuse into hypoxic regions 
in tumors and sensitize hypoxic cells to radiation. 147 A class of compounds known as nitroimidazoles was identified to have such characteristics.147 These compounds 
were shown not to radiosensitize aerobic cells; however, at concentrations of ~1mM, hypoxic cells were radiosensitized (OER = 1.6). The mechanism of hypoxic cell 
radiosensitization by nitroimidazoles is unknown; however, it is hypothesized that they have similar electron affinity to that of oxygen, and under hypoxic conditions 
can react with carbon-centered free radicals produced by radiation, and hence like oxygen “fix” the damage on important biological molecules crucial for survival. Two 
nitroimadazoles have been introduced into clinical radiotherapy trials; misonidazole and SR-2508. Clinical evaluation of misonidazole was complicated by 



dose-limiting normal tissue toxicities, namely, peripheral neuropathy. 148 SR-2508 was synthesized specifically to circumvent this problem; however, clinical trials to 
date have not shown it to be an effective sensitizer. 149,150

More recently, a new approach at radiosensitizing hypoxic cells has been identified. Nitric oxide (NO) has been unexpectedly found to be an important bioregulatory 
molecule synthesized throughout the animal kingdom.151,152,153 and 154 NO has a wide variety of physiological functions, including cardiovascular effects, 
neurotransmission, smooth muscle relaxation, bronchodilation, and immunologic potentiation. 153,154 The use of NO gas in animals (or humans) as a hypoxic cell 
radiosensitizer is problematic because breathing high concentrations of NO gas can damage lung tissue, and pharmacologic delivery of adequate concentrations of 
gaseous NO to distant solid tumor sites is not possible. Recently, a series of compounds called NONOates [(R 1R2NN(O)(NO)], which are amine derivatives of dimeric 
NO, have been shown to release NO in a predictable manner at physiologic conditions. 155 As shown in Figure 12.8, NO released from NONOates radiosensitize 
hypoxic cells.156,157 Such agents may have utility in the treatment of lung cancer.

FIGURE 12.8. Radiation dose-response for Chinese hamster V79 cells exposed to radiation under hypoxic conditions in the absence or presence of (A) varying 
concentrations of the nitric oxide–releasing agent DEA/NO, or (B) 2 mM of nitrite, diethylamine, or decomposed DEA/NO. This study suggests that active nitric oxide 
is responsible for the sensitizing effect. (From Mitchell JB, Wink DA, DeGraff W, et al. Hypoxic mammalian cell radiosensitization by nitric oxide. Cancer Res 
1993;53:5845, with permission.)

The view that the presence of hypoxic cells in human tumors may limit the effectiveness of radiation treatment is not uniformly agreed upon in the radiation 
community. The reason for this disagreement resides in the manner in which radiation is delivered to tumors and the phenomenon of tumor reoxygenation. Using a 
rodent tumor model, van Putten and Kallman demonstrated that following a multifraction course of radiation treatment, the hypoxic fraction remaining at the end of 
radiation treatment was the same as the hypoxic fraction before treatment.158 From these studies, van Putten and Kallman concluded that reoxygenation of hypoxic 
regions must have occurred during the fractionated course of radiation treatment. If no reoxygenation of hypoxic cells had occurred, then the proportion of hypoxic 
cells would have increased by the end of the fractionated radiation treatment. The fact that the hypoxic proportion remained the same during (and at the end of) 
treatment was interpreted to mean that for each radiation dose, aerobic cells were killed and the oxygen used by these cells was now diverted to reaerate hypoxic 
cells. The time course for reoxygenation in experimental tumor models varies widely among experimental rodent tumors ranging from 6 to 24 hours. 138 Thus with 
repeated daily exposures of radiation, reoxygenation of hypoxic regions should occur, along with killing of aerobic cells, with the net result after 20 to 30 radiation 
fractions being eradication of the tumor mass. If this correlation were true, then fractionated radiation therapy would not be greatly influenced by the presence of 
hypoxic cells. Technologic advances in the area of tumor oxygen measurements in human tumors allow for evaluation of the role of tumor hypoxia response and 
whether tumor reoxygenation during fractionated treatment adequately eliminates this potential problem.

Chemotherapy

As mentioned previously and covered in more detail in Chapter 15, the combination of chemotherapy and radiation may offer potential advantages with respect to 
tumor radiosensitization. Yet another practical aspect of combined modality therapy often arises in the clinical setting, involving whether chemotherapy-resistant cells 
are also radiation-resistant or vice versa, or whether previous treatment with one modality produces resistance to a different modality. These concerns have been 
partially addressed in cell culture studies, and considerable controversy exists. In general, chemotherapy-resistant cells are not radioresistant, 85,159,160,161 and 162 
however, in some instances this is not the case.163,164

Does radiation treatment result in altered sensitivity to chemotherapy? Some in vitro reports indicate that prior radiation exposure increased drug resistance. 165,166,167 

and 168 Hill et al. has reported that multiple fractions of radiation were able to induce the multidrug-resistant (MDR) phenotype in Chinese hamster ovary cells. 169 After 
radiation, these cells showed increased resistance to the vinca alkaloids, VP-16, adriamycin, and cisplatin; this resistance was reversed by the use of verapamil. 
Interestingly, these cells did not show amplification of the p-170 gene or of the p-170 mRNA; however, the cells did show an increased expression of the p-170 
protein. The drug resistance induced using the radiation treatments was not as high as drug resistance produced by continuous low-dose exposure to colchicine. It 
should be noted that these interesting in vitro observations suggest that radiation could lead to changes in inherent cellular sensitivities (as a result of genomic 
alterations) to subsequent chemotherapy, but other possibilities certainly exist. For example, radiation treatment could alter the tumor vascular supply, tumor bed, and 
other physiological determinants that could compromise the delivery of the drug to the clonogenic tumor cells in the tumor. Careful work at both the cellular and tissue 
level will be required to work out these complexities; nonetheless, combined modality therapy remains an important research area in the laboratory and the clinic.

RADIATION PROTECTORS

As detailed previously, the successful treatment of human lung cancer with radiation is often limited by normal tissue complications. The anatomic location of lung 
tumors place several vital normal tissues at risk for radiation damage. If normal tissue could be protected selectively as opposed to tumor, more radiation dose could 
be delivered to the tumor with the expectation of greater tumor control with no or little additional damage to normal tissue. At the surface this task seems formidable; 
however, if blood flow is compromised to the tumor (this would be true if tumor hypoxia exists), a “window” of opportunity might open to deliver a radioprotector to 
normal tissues (well perfused) before appreciable quantities reach and the tumor. Alternatively, if a radioprotector could be developed such that it could be inactivated 
by tumor as opposed to normal tissues by virtue of differential metabolism, advantages might be expected.

Radioprotectors are classified in several categories. Some radioprotectors protect by scavenging radiation-induced free radicals and/or donating reducing equivalents 
to oxidized molecules. Others protect by altering physiologic functions that interfere with the effects of radiation, such as agents that cause vasoconstriction and 
hypoxia. This class of protectors actually reduces blood flow to normal tissues, such as bone marrow, rendering the tissue hypoxic. Because hypoxic cells are less 
responsive to the effects of radiation, the net result is radioprotection. Lastly, some radioprotectors act by enhancing the recovery and/or repair of normal tissues. 
Examples of these protectors include cytokines and hemopoietic growth factors.

Aminothiol Radioprotective Agents

The search for radioprotectors began in the 1940s when Patt et al. found that sulfhydryl compounds afforded protection against whole-body irradiation in rodents. 170 
The dose modifying factor (DMF) for these experiments was -1.7. Subsequently, Bacq et al. found that cysteamine also protected animals from whole-body 
radiation.171 The mechanism(s) by which these sulfhydryl compounds protect appears to involve their ability to scavenge radiation-induced free radicals and/or to 
donate reducing equivalents to oxidized molecules, although more recent studies suggest that induction of bone marrow hypoxia could also account for some of the 
protection.172 These discoveries prompted the U.S. Army to sponsor the synthesis and screening of compounds to identify relatively nontoxic and potentially more 
effective radioprotectors. 173 From this massive screening effort, a thiophosphate compound, S-2-(3-aminopropyl- amino) ethylphosphorothioic acid (WR-2721), 
emerged. WR-2721 showed substantial and selective protection of normal tissues in murine models. 174,175,176 and 177 Yuhas et al. showed that WR2721 could protect 
normal tissues but did not protect tumor.176 Subsequent studies established the basis for this observation to be slower penetration of WR2721 into tumor tissue than 
normal tissues.177 Phase I studies of WR2721 defined the maximally tolerated dose under different treatment schemes. 178,179 and 180 Recent clinical trials has shown that 
WR2721 (amifostine) has been quite effective in protecting against radiation-induced normal tissue toxicities without reducing antitumor efficacy in NSCLC 181 and 



head and neck cancer.182

Nitroxides as Radiation Protectors

Recently, a new class of radioprotectors, the nitroxides, has been described. 183,184 and 185 Nitroxides are stable free-radical compounds that afford radioprotection both 
in vitro183 and in vivo.184 Tempol protected V79 cells against radiation in a dose-dependent fashion ( Figure 12.9A), whereas, the reduced form of Tempol (Tempol-H), 
the hydroxylamine, did not provide aerobic radioprotection ( Figure 12.9B). Likewise, although Tempol was rapidly reduced to the hydroxylamine (inactive 
radioprotector) in vivo (Figure 12.10A), significant radioprotection was observed in animals (DMF = 1.3) if irradiation was conducted within 10 minutes after drug 
administration. Figure 12.10B shows that the same concentration of Tempol administered to tumor-bearing mice receiving local tumor irradiation did not influence 
tumor response.186 To identify a mechanism for the apparent differential protection of the hematopoietic system ( Figure 10A) and tumor tissue, pharmacologic studies 
were carried out. The percentage of oxidized compound (nitroxide) was approximately 2-fold greater in the bone marrow compartment, compared to RIF-1 tumor at the 
time of irradiation. Greater bioreduction of Tempol occurred in the RIF-1 tumor. Such a result may provide at least a partial explanation for the absence of tumor 
radioprotection because it previously had been demonstrated that the oxidized form of Tempol is the active radioprotector. These preliminary data imply that a 
potential difference exists between normal and tumor tissues with respect to bioreduction.

FIGURE 12.9. In vitro radioprotection of V79 cells with the nitroxide Tempol. A: Increasing concentrations of Tempol provide increasing aerobic radioprotection in a 
clonogenic assay. B: The reduced form of Tempol (Tempol-H) provides no radioprotection. (From Mitchell JB, DeGraff W, Kaufman D, et al. Inhibition of 
oxygen-dependent radiation-induced damage by the nitroxide superoxide dismutase mimic, Tempol. Arch Biochem Biophys 1991;289:62, with permission.)

FIGURE 12.10. A: An LD 50/30 curve of whole-body radiation in C3H mice. Tempol injected intraperitoneally protects them against whole-body radiation. Data adapted 
from Hahn, et al. Tempol, a stable free radical, is a novel murine radiation protector. Cancer Res 1992;52:1750, with permission. B: Radiation tumor-control curves for 
animals treated in the absence or presence of Tempol. Closed circles: Tempol-treated mice; open circles: PBS-treated mice. No statistical difference existed between 
the two curves (p = 0.54). The calculated TCD50/30 values for Tempol-treated and PBS-treated mice were 36.7 and 41.8 Gy, respectively. No statistical difference 
existed between these values (p = 0.32). The error bars represent one standard error above and below the value shown. (From Hahn SM, Sullivan FJ, DeLuca AM, et 
al. Evaluation of tempol radioprotection in a murine tumor model. Free Radic Biol Med 1997;22:1211, with permission.)

CELLULAR PROPERTIES OF HUMAN LUNG CANCER CELLS AND THEIR RESPONSE TO RADIATION

The clinical variability in response among the different histologies of lung cancer to cytotoxic agents probably has many causes. One approach toward unraveling this 
complex issue has involved a systematic study of inherent properties of tumor cells that might be important in governing response to a particular treatment modality. 
Studies have focused on three main areas: (a) the human tumor stem-cell assay; (b) established permanent in vitro human tumor cell lines; and (c) xenografts of 
human tumors grown in athymic nude mice.

Human Tumor Stem-Cell Assay

This process involves the disaggregation to a single-cell suspension of tumor cells obtained at biopsy, exposure to cytotoxic substances, and assessment of cloning 
or colony-forming capacity in medium made semisolid by the addition of agarose. 187 This study allows the potential of tailoring patient therapy based on the sensitivity 
of their own cells in vitro. Unfortunately, at present, major problems with the assay limit its usefulness. These problems include long assay times, the low yield of 
growth from tumor biopsy specimens, difficulty in obtaining true single-cell suspensions from solid tumors, and low cloning efficiencies, ranging from 0.001% to 
0.1%.188,189 A further disadvantage is the admixture of both normal and tumor cells in most specimens. 190 Improved culture media, as well as techniques to circumvent 
these issues, is required before this assay will become clinically useful.

Radiation Sensitivity of Lung Cancer Cell Lines

As noted previously, the use of cell lines to establish radiation sensitivity dates back to the classic work of Theodore Puck, who used the cervical carcinoma cell line 
(HeLa) to report the first mammalian x-ray survival curve. 4 Over the past decade or more, numerous investigators have reported on the in vitro radiation response of 
human tumor cell lines for various malignant conditions. 191,192,193,194,195,196,197,198,199 and 200 In the same time period, it has been estimated that more than 1,000 
continuous human cell lines have been established from lung cancer biopsy specimens. 201 The major advantages of using established human cell lines for such 
assays include the availability of large numbers of cells to perform survival, biochemic, cytogenetic, and molecular studies, as well as reproducibility and generally 
acceptable cloning efficiencies. 198 NSCLC cells generally adhere to culture flasks and plate in monolayers and thus lend themselves easily to clonogenic assay. 202 In 
contrast, SCLC lines have been more difficult to establish and tend to aggregate and float in culture, making clonogenic assays more difficult. 203,204 Furthermore, 
SCLCs tend to clone inefficiently, especially newly established classic lines from untreated patients. Thus other assays, including dye exclusion techniques, 205 tritiated 
thymidine uptake,206 radiolabeled glucose utilization, 207 and automated image analysis of crystal violet-stained cells, 208 have been evaluated as alternatives to the 
classic clonogenic assays. A semiautomated colorimetric assay has proven a reliable nonclonogenic alternative, allowing for rapid sensitivity screening of lung cancer 
cells to cytotoxic agents including chemotherapy209 and radiation.210 Such studies have confirmed a heterogeneity of in vitro response, which parallels the behavior of 
these diseases in the clinic. To illustrate this property, the radiation survival curves for established cell lines of six different histologic types of lung cancer are shown 
in Figure 12.11A. The most striking feature observed among these curves is the variation in the initial shoulder as well as the terminal slope of the different lines, 
indicative of a differential cell survival. The mean surviving fraction at 2 Gy, thought to be a reliable indicator of radiation sensitivity, is displayed in Figure 12.11B and 
demonstrates the heterogeneous response among the differing histologies. A summary of the radiation survival curve parameters for selected lines evaluated from the 
NCI lung cancer cell panel, 211 as well as the work of other investigators, confirms this heterogeneity and suggests that the response of lung cancer cell lines can be 
considered in three groups. Group 1 includes “classic” SCLC lines with D 0s in the range of 0.51 to 1.4 Gy and extrapolation numbers ( ) in the 1 to 3.3 range. These 



lines were clearly the most radiosensitive. Both NSCLC and “variant” SCLC lines could be considered as belonging to Group 2, with D 0s of 0.8 to 0.91 Gy and rather 
large  values of 5.6 to 14.0. Group 3 consists of the adenocarcinoma lines, with D 0s in the 0.97 to 1.3 Gy and  of 1.3 to 3.0. Somewhat surprisingly, mesothelioma 
cell lines tested appeared radiosensitive with low  in the 1.0 to 1.8 range and D0 1.3 to 1.86 Gy, whereas the clinical experience with this tumor would suggest a 
more radioresistant response.

FIGURE 12.11. A: Radiation dose-response curves for six different types of human lung cancer cell lines. In this assay, small cell carcinoma is the most 
radiosensitive, a finding often reproduced in the clinic. B: Mean surviving fraction at 2 Gy for seven different types of human lung cancer cell lines, confirming the 
relative sensitivity of small cell in vitro. (From Carmichael J, DeGraff WG, Gamson J, et al. Radiation sensitivity of human lung cancer cell lines. Eur J Cancer Clin 
Oncol 1989;25:527, with permission.)

Therefore, the question may be asked: Is the intrinsic radiation-sensitivity values ( , D0, SF 2Gy) of these cell lines generally predictive of clinical responsiveness or 
curability? Weichselbaum and his colleagues in studies of cell lines from various malignancies found little or no correlation, 192 whereas the data from the studies of 
lung cancer lines appear predictive. 198,199,211 Classic SCLC is definitely responsive to radiation treatment in the clinic, although it is rarely cured because of its capacity 
for systemic spread.212 Variant SCLC and NSCLC are clinically less responsive to radiation. Cell lines from responsive SCLC patients are characterized by low  
values (1.0 to 3.3) and low SF 2 Gy values, whereas cell lines from variant SCLC or NCSLC tend to have larger  values (5.6 to 14) and higher SF 2 Gy values. A 
large shoulder on the survival curve (or high  value) implies a considerable capacity for SLDR, and thus a greater cell survival. Additionally, for a clinically relevant 
radiation dose of 2 Gy, the surviving fraction is usually greater for those cell lines having a higher  value.211 The absence of a shoulder on the SCLC cell lines has 
important dose-rate implications discussed previously.

Xenografts

Almost 100 years ago, Livingood described a spontaneously occurring papillary mouse tumor in a mouse lung. 213 Chemically and transgenically induced primary lung 
tumors in mice share many of the morphologic, histologic, and biochemic features of human NSCLC. 214 For example, when a ras oncogene is transfected into SV-40 
transformed human bronchial epithelial cells, and injected into a nu/nu mouse, adenocarcinoma of the lung results. 215 These models therefore offer the ability to study 
premalignant lung lesions, as well as models of lung tumor progression. In vitro clonogenic assays of human heterotransplants have been developed with cloning 
efficiencies ranging from 0.3% to 35% 216 Reasonable correlations have been reported between in vivo tumor responses to chemotherapy and observed responses in 
the clinic.217 More recently, xenograft models have been utilized in the assessment of novel therapeutic strategies, including radiolabeled monoclonal antibody 
treatments in SCLC.218 This approach has been relatively underutilized, and further work is warranted. 214

MOLECULAR ASPECTS OF RADIATION SENSITIVITY AND RESISTANCE

Human lung cancer is a complex disease resulting from a series of inherited and somatically occurring defects in several critical genes. The genetic changes include 
mutations, deletions, and amplification of genes coding for proteins involved in fundamental regulatory functions such as signal transduction, nuclear transcription, 
cell cycle regulation, and apoptosis. Although such genetic alterations are fundamental to many aspects of lung carcinogenesis and may provide the basis for a 
rational approach to primary and secondary prevention, many attempts have been made to relate molecular features to prognosis and/or to response to radiotherapy 
and chemotherapy. Can specific genetic alterations be shown to be associated with radiation resistance? The data are not consistent on this question. This section 
intends to briefly review the major molecular biologic advances in lung cancer made during the last few years and relate such information to clinical oncology. 
Particular effort is made to interweave these advances with our understanding of radiation biology.

p53

p53 gene mutation is the most common genetic alteration found in human cancers (see also Chapter 6).219 p53 is a tumor-suppressor gene linked to control of gene 
expression, cell cycle arrest at G1 by activation of p21 (an inhibitor of cyclin-dependent kinases) and GADD45 (an effector of growth arrest and DNA repair), and 
control of cell proliferation and apoptosis. 220 In lung cancer, p53 is mutated in up to 80% of SCLC and 50% of NSCLC.221 Fujino et al. showed p53 alterations to 
correlate with poorer prognosis in surgically resected NSCLC patients. 222 Moreover, their study demonstrated that the p53 status was a strong predictor of survival in 
p21-ras negative patients. In fact, patients with altered expression of p53 had a 43% five-year survival rate as compared to 87% in those patients without p53 
mutation.

A correlation between p53 status of the tumor and response to gamma radiation or adriamycin in vivo has been demonstrated. It was found that the loss of p53 
function in tumors growing in immunocompromised mice was associated with resistance to both ionizing radiation and adriamycin treatment. 223 The loss of p53 
function probably suppresses the apoptotic signals that are activated chemically or physically by antineoplastic agents. Consistent with this view, Chang et al. have 
shown that transfection of a normal p53 gene into cell lines with p53 mutations restores the normal G1 checkpoint and the apoptotic pathway and sensitizes the cells 
to radiation.224 However, it is not clear at present exactly how p53 influences radiosensitivity. No relationship has been found between radiosensitivity and p53 status 
among 24 head and neck cancer cell lines. 225 Likewise, abrogation of p53 function by HPV16 E6 gene does not influence radiosensitivity. 226 More recently, a 
relationship between the ataxia telangiectasia (AT) gene product and p53 activation in response to ionizing radiation has been shown. 227 The relationship between AT 
and p53 suggests a potential mechanism underlying the exquisite susceptibility of AT patients to ionizing radiation and provides yet another instance of the 
importance of p53 in determining the radiosensitivity of a cell.

Ras

Ras (K-ras, homologous to Kirsten murine sarcoma virus oncogene; H-ras, homologous to Harvey murine sarcoma virus oncogene; and N- ras isolated from a 
neuroblastoma cell line) codes for a 21 kilodalton protein (p21) with high homology to G-proteins that function in signal transduction and cell proliferation (see also 
Chapter 4). Point mutation at codon 12, 13, or 61 of the ras gene confers transforming potential to p21. 221 Although virtually absent in SCLC, mutated ras genes are 
found in approximately 20% of in vivo NSCLC tumors and NSCLC-derived cell lines. Ras mutations are more commonly found in adenocarcinoma (~30%) than in 
squamous and large cell carcinoma (~10%). A negative prognostic correlation in surgically resected NSCLC patients has been found for ras gene mutation or 
overexpression.228 As noted previously, combining information about p53 and ras status is helpful in more accurately defining the subset of patients at risk and 
possibly, in the future, defining the best choice of treatment modality. 222

When mutated ras genes were transfected in murine fibroblast cell line NIH3T3, resistance to ionizing radiation was conferred. The implication of this acquired 
radiation resistance is that ras has an important function in the response to the physicochemical insult of ionizing radiation. 229 McKenna and colleagues, using a 
primary rat embryo cell (REC) model, suggested that transfection of H- ras oncogene alone conferred little alteration in radiation resistance, whereas the presence of a 
co-transfected cooperating oncogene (v-myc) induced a dramatic increase in radioresistance. 230,231 and 232 It was further suggested that increased radioresistance may 
be caused partly by cell cycle perturbation. The transfected cells had a more prolonged G 2 than sensitive cell lines. 233 A similar finding was reported by Su and Little 
when human fetal fibroblast cells were transfected with activated ras oncogene and or simian virus 40 T-antigen. 234 However, these results need to be interpreted with 



caution because transfection of REC and human cell lines with nononcogenic DNA sequences alone (pSV2neo, encoding only for neomycin resistance) and 
subjecting them to subsequent clonal selection, can also yield clones with increased resistance to radiation. 235 Likewise, considerable heterogeneity in radiation 
response exists among different clones of the NIH 3T3 cells as used by Sklar, such that when ras, raf, and myc genes were transfected, no clear modification of 
radiation sensitivity was attained when compared to the nontransfected parent lines. 236 Harris et al. used a temperature-sensitive rat kidney epithelial cell containing 
k-ras and found increased radiosensitivity with ras activation.237 More recently, human tumor cell lines with mutations in H- or K- ras genes were radiosensitized after 
treatment with prenyltransferase inhibitors that prevent posttranslational modification of ras, required for its activity. 238 The use of prenyltransferase inhibitors in 
radiation oncology is presently undergoing phase I clinical trials.

ErbB 2

erbB 2 gene encodes a transmembrane glycoprotein receptor having homology with the epidermal growth factor receptor (see also Chapter 4). ErbB 2 has a 
constitutive tyrosine kinase activity that is pivotal in the protein's function in growth regulation. 239 ErbB 2 has been shown to confer the transformed phenotype to 
murine fibroblasts NIH3T3 in vitro,240 and overexpression of erbB 2 has been shown in lung cancer.241 Immunohistochemic expression of erbB 2 was detected in 
approximately 50% of lung adenocarcinomas. 242 As in the case with p53, erbB 2 expression along with K-ras mutation has been associated with a poorer prognosis in 
lung adenocarcinoma patients.243 Although erbB 2 has not yet been defined as a treatment determinant in lung cancer, in early-stage breast cancer it has been shown 
that the presence of the erbB 2 oncogene, p53 status, and the number of positive lymph nodes correlate with response to adjuvant chemotherapy and radiotherapy. 244

Myc

Myc, a phosphoprotein with transcriptional regulatory activity, is involved in the control of development and growth of the normal cell (see also Chapter 5). C-Myc, of 
cellular origin and homologous to the v-myc oncogene of the avian myelocytic leukemia virus, has been found to be overexpressed in several neoplasms. Although 
overexpression of myc family genes: c-myc, n-myc (from neuroblastoma), and l-myc (from lung), has been found in approximately 20% of SCLC, being more common 
in pretreated patients, it is an uncommon finding in NSCLC. The presence of myc has been associated with more aggressive malignant behavior and poorer 
prognosis.245 Transfection of c-myc into a human melanoma cell line has been shown to confer increased sensitivity to ionizing radiation. Interestingly, the opposite 
effect was found when myc was co-transfected with ras in the same cell line. 246

Retinoblastoma

Retinoblastoma (RB) tumor suppressor gene product is a nuclear protein that in the dephosphorylated form acts negatively on cell cycle progression and holds the 
cell in the G0-G1 phase (see also Chapter 2, Chapter 7). In a normal cell, Rb is phosphorylated by a complex cyclin D1-CDK4 (cyclin-dependent kinase 4) to allow the 
progression of the cell cycle to mitosis. This mechanism is complemented by p16, a product of cdkn2 gene, that inhibits the phosphorylation of RB by the complex 
cyclin/CDK. P16 expression is upregulated by the phosphorylated form of RB, the result of which is a feedback-type control. RB, cyclin D1, and p16 constitute the RB 
pathway. Alteration of any part of the pathway seems to play an important role in NSCLC tumorigenesis. In fact, loss of Rb was found in 42 of 101 (41.6%) NSCLC 
specimens, and disturbances in expression of at least one of the three components of the Rb pathway were found in 91 of 101 (90%) NSCLC specimens. 247 In other 
studies, altered RB gene has been found in 32% of NSCLC patients and 13% of SCLC primary tumors.248 The absence of the Rb mRNA transcript was common in 
SCLC specimen and cell line.249

Correlation between expression of Rb and sensitivity to carboplatin and VP-16 has been shown in NSCLC cell lines. 250 In this study, the cell lines having higher 
expression of RB gene were more sensitive to the antineoplastic drugs. Interestingly, an inverse correlation was found for radiosensitivity in an in vitro study on 
non-Hodgkin's lymphoma cell line and in a clinical study on patients with bladder cancer. Both of the latter studies, in fact, show a negative correlation of Rb 
expression with response to radiation. Rb overexpression appeared to be associated with more resistance to ionizing radiation in an in vitro model.251 Consistent with 
this study, a better response rate to radiotherapy was found in patients whose tumors were immunohistochemically negative for Rb protein. 252

BCL2

BCL2 gene is an oncogene that was first identified in follicular lymphoma in which a translocation resulted in overexpression. 253 The BCL2 protein is an inhibitor of 
programmed cell death or apoptosis.254 BCL2 overexpression is very common in SCLC (~75%)255 and is found in approximately 25% of NSCLC, where it has been 
proposed as prognostic factor. 256 However, a study of 427 NSCLC cases showed BCL2 expression not to be an independent prognostic factor. 257 A recent study 
suggests that BCL2 expression may be a favorable prognostic indicator in some subgroups of patients, such as those having stage IIIa disease. 258 In vitro studies 
have associated BCL2 overexpression with radiation resistance. 259 Transgenic mice ubiquitously overexpressing BCL2 are more resistant to the lethal bone marrow 
effects of ionizing radiation, and lymphocytes that survive radiation in wild-type mice show higher levels of BCL2 expression. 260

The evolving paradigm regarding tumorigenesis and ultimate treatment offers a vision of genetic determinism. However, at this time, our molecular biology knowledge 
is not yet at the level to provide general deterministic views with regard to therapeutic decisions. What may be required is a genetic determination of an array of 
expressed mRNAs, which will hopefully enable a better understanding of the complex relationship of a particular oncogene or tumors suppressor gene to other 
expressed genes within an individual tumor. Certainly, our technology is moving in that direction. It is assumed that as our knowledge grows, the role of oncogenes 
and tumor-suppressor genes in the context of tumor physiology will not only affect tomorrow's radiotherapy decisions, but will also define how to weave radiobiologic 
principles with molecular biology to arrive at optimal, curative therapy.

SUMMARY

This chapter has summarized the major areas of radiobiology as they relate to lung cancer. Future advances in the management of this disease will likely emerge 
from continued basic and applied research. Particularly exciting are the recent advances in molecular biology and their application to the understanding of the 
pathogenesis and treatment of lung cancer. Radiation continues to be one of the most active agents in the management of this disease. As the field of radiation 
biology incorporates novel molecular techniques, further advances will likely ensue.
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Radiation therapy is an integral part of the treatment and management of lung cancer. More than 50% of patients with lung cancer receive radiation at some point 
during the management of their disease. Because these patients generally require the treatment of a large volume of lung to high doses, definitive radiotherapy of 
lung cancer requires the use of total doses that result in late sequelae. These late sequelae were observed as early as the 1920s, less than two decades after the 
discovery of x-ray.1 The two phases of lung damage—radiation pneumonitis and radiation fibrosis—were first described in 1925 by Evans and Leucutia, who divided 
the damage into these now well-recognized sequelae of lung irradiation. 2 Although almost a century of studies in patients and experimental models has provided a 
wealth of information on these two potentially fatal complications, we remain unable totally to circumvent these untoward reactions. Both pneumonitis and fibrosis 
continue to limit the effective use of radiation in the treatment of malignant tumors of the lung.

Despite the fact that only three years have passed since the first edition of this book was published, significant advances have been made in understanding the 
genetic regulation and molecular basis of radiation-induced lung damage. In addition, the radiation dose-volume effect in mouse lung has been clearly defined, with 
substantiation of the experimental findings by clinical studies. As 3D conformal therapy has become the norm for treating lung cancer, new methods of estimating the 
risk of pulmonary injury from dose-volume histograms and normal tissue complication probability models have been developed. The goal of this chapter is to update 
the information specifically in these areas as well as to present new data regarding the development of quantitative and easily accessible markers of lung damage and 
predictive assays of pulmonary radiosensitivity.

In this chapter all the data, unless otherwise stated, will be from studies on normal nondiseased lungs, although preexisting lung disease in patients may have a 
significant impact on the effects of radiation or drugs on response.

DAMAGE VERSUS MORBIDITY

Damage and morbidity are terms which are frequently interchanged but, although related, they actually reflect different concepts. In clinical practice, the radiation 
oncologist accepts some structural lung damage, either pneumonitis or fibrosis, because of the large functional reserve of this tissue. Functionally, the whole organ 
does not fail if some part of it is destroyed. Morbidity is a clinical term that describes how an individual patient feels and/or how well a specific organ functions. The 
morbidity of treatment is determined by many factors, including the damage incurred by the tissue, the impact of this damage on organ function, and the impact of both 
of the above on the patient's well-being and lifestyle. Because of the functional reserve of the lung, structural damage is not necessarily reflected in clinical morbidity 
as assessed by whole-lung function.

The dissociation between damage and morbidity in the lung reflect the organization of those anatomical units responsible for lung function. 3 Morbidity is a reflection of 
two parameters: (a) the survival of sufficient numbers of cells to maintain tissue function, and (b) the organization of these cells into units that carry out tissue function. 
The spatial relationship between these functional subunits differs between tissues and is a critical determinant of the relationship between damage and any resultant 
morbidity. Anatomically, the lung is a system of branching ducts and accompanying blood vessels that ultimately terminate in the alveoli, the site of gas exchange. 
The functional subunit in the lung is most likely the acinus, which is structurally well defined, beginning at the ramification of the terminal bronchiole to the respiratory 
bronchioles and terminating in the alveolar sac, each of which bears numerous alveoli. Each acinus is a self-contained entity independent of its neighbor. It is 
suggested that the destruction of one acinus will have no measurable effect on lung function in a normal healthy lung and that functional damage, particularly total 
lung function, will be manifested only when a critical number of these units are destroyed. A useful analogy is a strand of Christmas tree lights arranged in parallel. 
When one burns out (damage), none of the others are affected and the overall effect is not diminished, that is, the damage is below the threshold of the human eye to 
distinguish it (no morbidity). However, when sufficient numbers of lights burn out such that this is noticeable (the threshold for damage in the human eye is now 
exceeded), the overall effect is diminished (morbidity occurs).

Many assays are available to quantify radiation-induced morbidity and damage in the lungs of experimental animals and in patients. In humans, regional pulmonary 
function tests or radiographic evidence of pneumonitis and fibrosis can be quantified, providing a scoring system for damage. 4,5,6,7,8,9,10,11,12 and 13 In rats and mice, the 
experimental animals most commonly used to study radiation and drug-induced lung injury, measurements of regional lung function are difficult and pulmonary 
function tests most often assess total lung function, a measure of morbidity. 14,15,16,17 and 18 Whereas in patients structural damage can be quantified by noninvasive 
methods, for example CT scans, assessment of such damage in small experimental animals is most often performed on autopsy specimens. In this chapter, clear 
distinctions will be made between damage and morbidity and the assessment of each.

RADIATION-INDUCED LUNG DAMAGE

Pathophysiology of Radiation-Induced Lung Injury

Radiation damage in the human lung has four well-described clinical phases: a phase of acute injury termed radiation pneumonitis, a subacute phase, a chronic 
phase characterized by lung fibrosis, and a late phase ( Figure 13.1).19,20,21,22 and 23 Two of these phases of damage are clearly separated in time; pneumonitis occurs 
from three to six months after the beginning of treatment, while fibrosis occurs from one year onward. Both pneumonitis and fibrosis have been well defined 
histopathologically under controlled conditions in animals. However, because animals can be studied at predetermined times after irradiation, an earlier phase of 
damage that is asymptomatic has been defined—the latent phase.19,22,24 Thus radiation lung injury consists of distinct phases characterized by differences in time of 
expression after irradiation and distinct histologic and/or molecular changes.



FIGURE 13.1. The clinical course of radiation induced pulmonary damage consists of four phases, each having distinct pathologic and clinical signs and symptoms. 
These changes are dependent on dose, as depicted in the upper curve (high dose) and the lower curve (low dose). The changes in the acute phase after high doses 
are those generally associated with radiation pneumonitis, while those occurring during the chronic and late phase are associated with pulmonary fibrosis. After low 
doses, the pathologic changes are subtle, consisting mostly of interstitial fibrosis which is usually not sufficiently severe to cause clinical symptoms. (From Rubin P 
and Casarett GW, eds, clinical radiation pathology, W.B. Saunders Company, 1968; 459, with permission.)

Latent Phase

The weeks to months preceding the overt appearance of radiation pneumonitis is referred to as the “latent” period because no overt histopathologic, radiographic, or 
clinical signs and symptoms of radiation damage can be observed. In most cases, overt pulmonary reactions are not expressed either clinically or histologically in 
human and animal models for the first three months after irradiation, regardless of the volume of lung irradiated, although in humans, damage may be expressed as 
early as two months after initiation treatment. Although no changes can be observed at the light microscopic level during this “latent” time, electron microscopy reveals 
degranulation and loss of Type II cells with attendant loss of surfactant, loss of basal laminar proteoglycans resulting in swelling of the basement membrane, and 
transudation of proteins into the alveolar spaces indicating increased capillary permeability and suggesting a loss of endothelial cells within the first month after 
whole-lung irradiation. 20,22,23 Endothelial cells themselves become vacuolated and pleomorphic and may slough, leading to denudation of the basement membrane 
and changes in capillary permeability. 25 Although these changes are dose-related and diffuse throughout the lung, they are not in themselves sufficiently severe to 
result in death during this time. Deaths do not occur before there is overt histologic damage.

It had been generally accepted that a series of biochemical events was occurring during this latent phase that ultimately culminated in the overt expression of damage 
in the next phase of lung injury, pneumonitis, although none had been identified. The advent of new molecular techniques and tools has shown that dramatic changes 
do occur during this period and, depending on the dose, may resolve or may progress to the next phase of radiation pneumonitis, which produces overt signs and 
symptoms. These molecular changes in the lung will be discussed later in this chapter.

“Classical” Pneumonitis

Structural changes in the lung appear within the first six months after irradiation of all or part of the lung of humans or experimental animals, resulting in diffuse 
alveolar damage.1,19,22,24 Although this phase of damage occurs relatively long after lung irradiation, histologically it is an acute effect which is characterized by a 
prominent inflammatory cell infiltrate consisting of macrophages, lymphocytes, and mononuclear cells in the air sacs and in the pulmonary interstitium, the latter of 
which is normally devoid of cells.3,19,20,21,22,23 and 24 The neutrophil is not a dominant cell in this inflammatory cell infiltrate in animal models. Although loosening and 
widening of the interstitium indicates interstitial edema, only after high doses is edema observed in the air spaces. When the whole of both lungs is irradiated in 
humans or experimental animals, the damage is diffuse and, if sufficiently severe, can be fatal.

This acute phase of damage in the lung is generally referred to as pneumonitis, a term that usually refers to an inflammatory reaction in the lung caused by local 
growth of bacteria, fungi, or parasites. In such situations, the cellular infiltrate contains polymorphonuclear leukocytes, a cell type rarely found in the “sterile” 
inflammatory infiltrate in the irradiated lungs of experimental animals. When present, these cells are indicative of a superimposed infection and the cause of death is 
unclear, that is, radiation or infection or both. Perhaps a more appropriate term for this phase of diffuse alveolar damage following lung irradiation is “alveolitis,” which 
pathologically refers to an inflammatory reaction not caused by a microorganism. 26 Although an inflammatory cell infiltrate in the interstitium and the air sacs is a 
prominent component of radiation alveolitis, the relative contribution of these inflammatory events versus direct tissue injury from radiation in the pathogenesis of this 
syndrome is unclear.

In mice, pneumonitis begins at three months after radiation is administered and persists for up to six months, with the majority of deaths occurring between four and 
five months. The latent time for the appearance of damage is dose-dependent, appearing sooner after high doses than after low doses. To account for the 
dose-dependent difference in latent time and to include all responders in the assay, the standard time for scoring deaths from pneumonitis is between three and 
seven months in animal experiments. Techniques used to quantify this phase of lung damage in experimental animals include functional assays such as breathing 
rate14,15,18 and CO uptake,16 CT scans,17 quantitative morphometry,24,27 and of course, lethality from the syndrome.3 These assays provide steep dose-response 
curves from which estimates of effect dose for a given severity of injury can be obtained. Generally, the Effect Dose 50 (ED50) or lethal dose that kills 50% of the 
population (LD50) is used. Estimates of the LD50 for radiation pneumonitis occurring between three and six months after whole-lung irradiation in mice range from 9 
to greater than 16 Gy in mice, depending on the mouse strain. In the clinic, the use of large single doses to the upper-half body or the whole body has provided 
dose-response data for radiation pneumonitis in humans. Using incidence of pneumonitis 28,29,30 and 31 or computed tomographic (CT) scans9,32 to quantify the increase 
in lung density in patients, the shape of the resultant dose-response curves for lung damage in humans is similar to those for mice. The ED50 for pneumonitis in 
humans, 9 to 10 Gy, is within the range of LD50s for pneumonitis measured for different mouse strains, although on the low end of the range. Although treatment of 
lung cancer can involve irradiation of large volumes of lung, rarely is the whole lung irradiated, and thus fatal pneumonitis occurs infrequently. However it is estimated 
that at least 5% to 15% of irradiated patients will develop clinical signs of pneumonitis, with an even higher proportion, 50%, showing lung changes consistent with 
pneumonitis on computed tomographic scans.

The diffuse alveolitis described above had been considered characteristic of the acute phase of radiation-induced lung damage in humans and animals, but 
histopathologic differences between mouse pneumonitis and human pneumonitis could not be explained. For example, a characteristic histologic finding in irradiated 
human lung is the presence of hyaline membranes. Unlike in mice, which do not develop fibrosis during the pneumonitis phase, focal areas of fibrosis have been 
reported in patients within the first month or two after lung irradiation, the time generally associated with the infiltrative, exudative lesions of radiation pneumonitis. 
These discrepancies between mice and humans have been partially resolved by the recent studies of Sharplin and Franko 27 that showed that the pathologic lesion of 
the acute phase was dependent on the strain of mouse used. For example, mice of the C3H and CBA strains showed a classical diffuse alveolitis (pneumonitis) with 
no evidence of fibrosis, while the C57B16 strain exhibited protein-rich edema, hyaline membranes, and focal fibrosis, with few of the changes characteristic of 
pneumonitis (Figure 13.2). These data indicate that the choice of mouse strain is critical in studies of radiation lung damage; mouse strains used to study pneumonitis 
would be different from those chosen to study fibrosis.



FIGURE 13.2. Characteristic changes in the lungs of C3Hf/Kam (A) mice and C57/BL6 (B) mice after equivalent single doses of radiation or cobalt-60 gamma rays to 
the whole thorax. The C3H mouse was sacrificed at 3.5 months because of overt signs of severe respiratory distress; the C57 mouse was sacrificed at 5 months. The 
lungs of the C3H mouse show a classic radiation alveolitis (pneumonitis), while the lungs of the C57 mouse show collapsed atelectatic alveoli with collagen 
superimposed—alveolitis is not a feature.

Intermediate Phase

If the dose is low or if less than a critical volume of lung is irradiated, the acute pneumonitis phase resolves. Although little data on this phase are available in 
patients, it has been characterized in irradiated mouse lung. 24 In those mice that survive the acute pneumonitis phase, lung function, as measured by breathing rate, 
improves. The lungs are not totally normal however, and foci of foamy macrophages are the dominant finding in the air spaces, along with hyperplasia of Type II 
epithelial cells. However no deaths occur during this phase of damage. Thus this phase appears to be one of resolution of the early exudative alveolitis.

Radiation Fibrosis

In contrast to the acute alveolitis, the chronic effects of radiation in humans are observed from months to years later, even though biochemical and histologic changes 
occur months earlier. Pulmonary fibrosis develops insidiously and may stabilize after one or two years. Although numerous studies have attempted to elucidate the 
mechanism(s) leading to pulmonary fibrosis, the pathogenesis of this late lung response remains elusive and controversial.

Pulmonary fibrosis is the end stage of a complex process of abnormal repair of damage that may be preceded by an inflammatory response dominated by 
macrophages and lymphocytes. It is generally accepted that radiation-induced lung fibrosis is the repair process that follows radiation pneumonitis, or radiation 
alveolitis. Fibrosis of the pulmonary parenchyma may occur as a diffuse or focal lesion, but the designation of pulmonary fibrosis is usually reserved for diffuse or 
widespread multifocal collagen deposition involving the peripheral airspaces. Although frequently referred to as interstitial fibrosis, collagenous thickening of alveolar 
walls is often a consequence of incorporation of organizing intra-alveolar exudate into the interstitium and subsequent reepithelialization, leading to a revision of 
alveolar architecture. In fact, it is frequently suggested that severe exudative alveolitis of long-standing duration results in a generalized fibrotic thickening of the 
alveolar septa.26,33 Loss of pulmonary function results from focal microcollapse of alveoli and apposition of alveolar walls, leading to irreversible remodeling of 
pulmonary architecture.

Although data from lung irradiation studies in mice indicate that pneumonitis and fibrosis are directly related, 24,34,35 and 36 other data, also in murine models, show that 
these two sequelae of lung irradiation can be dissociated from each other, and radiation-induced lung fibrosis can and does occur without a preceding inflammatory 
event.37,38 and 39 These studies suggest that this phase of injury may result from different pathogenic mechanisms.

The exact form of lung fibrosis that occurs after lung irradiation has been shown to be dependent on the strain of mouse. In the initial studies of radiation-induced lung 
damage, mice were terminated at seven months after irradiation, when the pneumonitis phase of damage ended. However, in later studies, mice surviving at seven 
months were followed for periods of up to a year after thoracic irradiation. When sacrificed, a diffuse thickening of the alveolar septa was observed in these mice that 
was characterized by collagen deposition. 37,38 The air spaces were clear, and patent and pulmonary architecture was preserved, although the lung was stiff. Recently, 
Sharplin and Franko27,40 reported that radiation-induced lung fibrosis in mice is not always manifested as a diffuse thickening of the alveolar septa, but that some 
strains exhibit atelectasis accompanied by collagen deposition in the collapsed area, resulting in a focal contracted scar. In this form of lung fibrosis, alveolar 
architecture is obliterated. We too have found a difference in the fibrotic lesions in irradiated mouse lung, with the C57B1/6J mice exhibiting collapsed atelectatic 
alveoli with superimposed collagen, while the C3H strain shows a more diffuse fibrosis of the alveolar walls and small stellate scars surrounded by patent alveoli. 41 
Unlike in the C57B1 mice, where the collagen appears in organized bundles, making it easily distinguishable on light microscopy with collagen-specific stains, the 
initial deposition of the collagen as fine, wispy fibrils in the alveolar wall of the C3H mouse make this type of fibrosis more difficult to resolve with the light microscope. 
In addition to distinct histological features, these two forms of fibrosis are distinguished further by the time they appear in the two strains after irradiation. Fibrosis in 
the C57 strain occurs within the first six months after irradiation, the period during which only pneumonitis is found in the C3H strain. In the latter strain, fibrosis of the 
alveolar walls does not occur until nine months (or later) after irradiation.

The suggestion from these mouse studies that radiation-induced pulmonary fibrosis may not have a uniform pathogenesis is consistent with the suggestion that there 
may be three different pathways to lung fibrosis which may be dependent on the toxic agent: luminal fibrosis, in which granulation tissue buds into the air spaces; 
mural fibrosis, in which exudate is incorporated into the alveolar walls; and atelectatic induration, which involves partial or complete collapse of alveoli and permanent 
apposition of alveolar walls followed by fibrous tissue proliferation and collagen deposition in the area. 26 Franko and colleagues have suggested from breeding 
studies in inbred strains of mice that radiation-induced lung fibrosis results from two independent pathways which may involve different genes. 42 Further support for 
the hypothesis that multiple mechanisms lead to pulmonary fibrosis comes from the colon, in which it has been shown that two distinct types of fibrosis occur after 
irradiation, possibly as a result of two distinct mechanisms. 43

Most studies in mice irradiated the whole lung, which is not the standard procedure for treating lung cancer with radiation, where a limited volume of lung is irradiated. 
Thus the question remains of the relevance of these data from experimental animal models to the treatment of lung cancer in humans with radiation. For example, 
hemithoracic irradiation in mice and rats does not produce the mortality and morbidity of whole-lung irradiation, due to hypertrophy of the contralateral lung, but the 
mechanisms of collapse and fibrosis of the irradiated lung may differ from those that occur after whole-lung irradiation. In the kidney, a paired organ like the lung, it 
was found that nephrectomy one day after bilateral kidney irradiation induces a proliferative response in the remaining irradiated kidney that results in a partial 
restoration of kidney function compared to that in irradiated nonnephrectomized mice. 44 Although it is important to be aware of these differences between animal 
experiments with radiation and treatment of humans for lung cancer, the clinical data indicate that similar-appearing damage occurs in humans and in mice after lung 
irradiation, supporting the use of these animal models for mechanistic studies. Most importantly, the studies in mice that defined a strain dependence for the form and 
severity of radiation-induced lung fibrosis suggest that this late sequelae of lung irradiation may be genetically regulated. Identifying, mapping, and cloning the 
gene(s) for radiation-induced lung fibrosis could provide a means to identify “sensitive” individuals in the population before treatment commenced.

The characteristic findings in each of these four phases of lung damage are summarized in Table 13.1.

TABLE 13.1. PRINCIPAL HISTOPATHOLOGIC ABNORMALITIES AFTER IRRADIATION OF THE THORAX IN ANIMALS

Sporadic Radiation Pneumonitis

In humans, anecdotal reports of pneumonitis occurring outside the irradiated area have been reported for a number of years. 45,46,47 and 48 Since one of the characteristic 



features of classical radiation pneumonitis is that the damage is confined to the irradiated area, it has been suggested that the clinical and radiologic picture of 
radiation damage outside the irradiated field represents a hypersensitivity pneumonitis. First suggested by Holt in 1964, 49 this syndrome has been given little attention 
for two reasons: it occurs rarely, and in most of these cases, the contralateral lung received some dose, although the actual quantity was unknown. Three factors 
suggest that this clinical syndrome may be different from the classical form of radiation induced lung damage: (a) it affects 10% to 15% of patients; (b) symptoms 
frequently resolve without sequelae; and (c) it frequently develops earlier than classical pneumonitis, that is within two to six weeks after the completion of therapy. In 
an extensive study of four breast cancer patients who developed bilateral changes after radiation confined solely to one lung, Gibson and colleagues 50 found that 
bronchoalveolar lavage (BAL) of the irradiated and nonirradiated lung showed a marked lymphocytosis in both the irradiated and nonirradiated lungs. Gallium scan 
confirmed these BAL findings, showing increased gallium uptake in both irradiated and nonirradiated lungs. In all four patients prompt symptomatic improvement was 
seen after corticosteroid administration. Based on these data, these authors concluded that the finding of abnormalities in both the irradiated and nonirradiated fields 
equally was not consistent with simple direct radiation-induced damage but implied an immunologically mediated mechanism such as a hypersensitivity pneumonitis.

More recently, Morgan and Breit have challenged the idea that bilateral radiation pneumonitis after unilateral lung irradiation is a relatively infrequent occurrence in 
the practice of radiotherapy. 51 These authors contend that the extreme dyspnea experienced by patients with radiation-induced pneumonitis appears out of proportion 
to the volume of lung irradiated and cannot be explained on the basis of localized tissue destruction. In a prospective study of 17 breast cancer patients, BAL analysis 
and gallium scans showed a diffuse lymphocytosis, increased gallium scan uptake, and decreased alveolar volume and vital capacity in both the irradiated and 
nonirradiated lung. Further analysis of the lymphocyte infiltrate in a patient with clinical radiation pneumonitis showed that these cells were almost exclusively recently 
activated CD4+ helper T-cells, cells that have been implicated in hypersensitivity pneumonitis after other insults. In a further analysis of these patients plus an 
additional five patients studied only after they developed clinical features of pneumonitis, these authors found no statistically significant difference between BAL 
findings on the irradiated and unirradiated sides of the chest either pretreatment or posttreatment and with or without clinical pneumonitis. Although bilateral 
lymphocytosis was found in 75% of the study population (13 of the 17 patients), only two (10%) of these patients developed clinical features of radiation-induced 
pneumonitis. Symptoms resolved spontaneously in the other 65% (11) patients. The remaining 25% did not develop subclinical or clinical symptoms. On the basis of 
these findings, these authors suggest that bilateral involvement of both lungs after irradiation of one lung represents an immune-mediated hypersensitivity 
pneumonitis which leads to the clinical picture of radiation pneumonitis in only 10% of the irradiated population. Because this syndrome appears to be due to an 
entirely different pathogenetic mechanism from classical radiation pneumonitis, these authors suggest that this form of radiation-induced lung damage be 
distinguished from the classical form and be called “sporadic radiation pneumonitis.” What distinguishes this type of lung damage from the classical type is that it 
occurs in an unpredictable manner and involves unirradiated portions of the lung.

At this time, an animal model for sporadic radiation pneumonitis has not been identified. However, in a study of CT changes after irradiation of only the right lung of 
rats, Geist and Trott observed fluctuations in the radiological density in the shielded left lung of the irradiated rats that were greater than those observed in control rats 
and parallel to those occurring in the irradiated right lung, similar to the sporadic pneumonitis in humans. 52 In contrast to these data, it has been reported that 
irradiation of one lung of rabbits resulted in a decrease in the number of alveolar macrophages in only the irradiated lung. The number of alveolar macrophages in the 
contralateral unirradiated lung was not decreased. 53

Pathogenesis of Radiation-Induced Lung Damage

Target Cells. It has been hypothesized that killing and depletion of a critical “target” cell by radiation in the lung is the initiating event leading, after a “latent” period, 
to the late sequelae of pneumonitis and fibrosis. 54 In addition, it has been generally accepted that the expression of radiation damage requires cell division. In tissues 
like the lung, therefore, in which damage is not overtly expressed for months after treatment is completed, the long latent time was thought to be due to a slowly 
proliferating target cell population. For these reasons, a major research focus has been to identify the target cell(s) for radiation-induced lung damage, with the 
intention of protecting this cell from radiation damage and thereby preventing or, at least minimizing, the severity of radiation-induced pneumonitis and fibrosis while 
not compromising tumor cell kill and tumor control. The two most likely target cells were thought to be the Type II cell 19,55,56,57 and 58 and the vascular endothelial 
cell.19,59,60,61,62 and 63 The Type II cell was shown to divide more frequently than other types of lung parenchymal cells; it is responsible for synthesizing, storing, and 
secreting surfactant, the surface active material that prevents alveolar collapse. The vascular endothelial cell also was a reasonable target cell candidate because it 
too was believed to divide more quickly than other cell types in the lung. Furthermore, edema is a consistent finding in the interstitium and air spaces after lung 
irradiation, indicating vascular leakage, which in turn implies radiation-induced killing and depletion of vascular endothelial cells.

Type II Cells as the Target. The first evidence that supported the hypothesis that Type II cells were the target cells for radiation pneumonitis was published in 1982 
by Shapiro and associates.58 These investigators showed that local irradiation of both lungs of mice with a range of single doses of x-rays produced dose-dependent 
changes in phospholipids in lung lavage fluid and in lung tissue as early as 24 hours after irradiation. These changes persisted for the first four weeks after irradiation, 
indicating that changes in the function of Type II cells occurred long before tissue damage was manifested at the light microscopic level. Although the relationship of 
these early events to the later incidence of pneumonitis and fibrosis was unclear, these data were the first demonstration that the latent period was not really quiet or 
latent at all. These investigators then sought to identify biochemical markers of surfactant that could be assessed in patients early during a course of radiotherapy 
prior to the onset of clinical and pathologic pneumonitis, with the aim of identifying patients at a high risk of developing severe radiation pneumonitis. 57 Their finding in 
rabbits that surfactant apoprotein in the serum was an accurate predictor and marker for radiation pneumonitis has led to a clinical trial in lung cancer patients. Blood 
is collected before treatment, weekly during treatment, and one week after treatment, and surfactant apoprotein is quantitated in the serum. These data will be 
compared with the incidence and severity of radiation pneumonitis and fibrosis assayed by CT scans every three months after treatment and by chest radiograph at 
one year.

Endothelial Cells as the Target.  The suggestion that vascular damage was the underlying mechanism of radiation pneumonitis and fibrosis was based primarily on 
the hypothesis that the lung cell most likely to divide soon after irradiation was the capillary endothelial cell. The parenchymal cells, most importantly the Type II cells, 
were believed to be more slowly dividing than the endothelial cell. This hypothesis was substantiated by the pathologic findings in humans and experimental models 
that pneumonitis after irradiation was characterized by edema in the air spaces and interstitium, and an inflammatory cell infiltrate. Among the many studies aimed at 
elucidating the role of the vasculature in radiation-induced lung damage, Ward and colleagues 64,65 and 66 performed comprehensive studies that correlated changes in 
four parameters of endothelial function, angiotensin-converting enzyme activity, plasminogen activator activity, and prostacyclin and thromboxane production, with 
histopathologic and ultrastructural changes in rat lungs irradiated with the same doses, as well as changes in one vascular functional assay—arterial perfusion. These 
studies showed that dose-dependent changes occurred in all endothelial functional parameters and that these functional changes agreed well with pathologic 
changes in the lungs of these rats. These data suggest that changes in vasculature do occur after lung irradiation, but they do not necessarily implicate the 
endothelial cell as the target cell.

MOLECULAR BASIS OF RADIATION-INDUCED LUNG DAMAGE

It is obvious that changes in both the pulmonary parenchyma and pulmonary vasculature contribute to radiation pneumonitis and fibrosis, and that these sequelae of 
lung irradiation arise from a dynamic interaction between different cell types, the major players including both the Type II pneumocyte and the endothelial cell, as well 
as the fibroblast, macrophages, and lymphocytes, as shown in Figure 13.3.67,68 However, the concept that one or more target cells are solely responsible for 
radiation-induced pneumonitis and pulmonary fibrosis has been replaced by the paradigm that it is not only cells but the messages that these cells produce that 
determine the final outcome. It is now well established that radiation is one of many insults that cause the release of trophic factors that subsequently act through a 
variety of pathways to produce the end pathologic stage of radiation pneumonitis and fibrosis. 69,70 and 71 These messages are delivered via diffusion of soluble 
mediators over short distances, which may have been secreted by one population of cells and then act locally upon another population, referred to as paracrine 
stimulation, or upon the same population, known as autocrine stimulation, or which may involve membrane-associated molecules activating receptors on adjacent 
target cells, referred to as juxtacrine stimulation. These soluble mediators, or cytokines or growth factors, are currently recognized as playing an important part in 
stimulating cells to overproduce those extracellular matrix components that characterize fibrosis 69,70,71,72,73 and 74 Following their initial contact with the cell surface, 
these molecules are postulated to activate intracellular signaling pathways, which in turn lead to activation of a pleiotropic genetic program characteristic of the fibrotic 
response. This activation is thought to bring about changes in the expression of specific genes that determine the phenotype of cells involved in the healing of lung 
injury.



FIGURE 13.3. Diagram of hypothesized interaction of different lung target cells and cytokines and growth factors in the development of alveolitis and fibrosis. IGF, 
insulinlike growth factor; TNF, tumor necrosis factor; TGF, transforming growth factor; IL, interleukin; PDGF, platelet derived growth factor, EGF, epidermal growth 
factor; PGE, prostaglandin E2; UMDGF, UFDGF. (From King RJ, Jones MB, Minoo P. Regulation of lung cell proliferation by polypeptide growth factors. Am J Physiol 
1989;257:23, with permission.)

Perhaps the cytokine most frequently associated with lung fibrosis after a number of toxic insults, including radiation, is TGF-b. 73,74,75 and 76 TGF-b has been shown to 
be an important mediator of tissue damage in a variety of pathologies in which excessive collagen production is a characteristic feature. TGF-b has been shown to 
stimulate lymphocyte and fibroblast recruitment to the site of damage, to promote fibroblast proliferation, and to stimulate the production of collagen and fibronectin, 
the net effect being a net increase in extra cellular matrix material which replaces the normal architecture of the tissue. In addition, TGF-b increases the production of 
Type I plasminogen activator inhibitor, while simultaneously decreasing the production of plasminogen activators, resulting not only in an increase in the production of 
connective tissue but a decrease in its breakdown, leading ultimately to maturation of this excess connective tissue and scar formation.

Recently, Finkelstein and co-workers 71 have studied the latent period to determine whether changes in early expression of collagen precursors or cytokines, 
particularly TGF-b, known to be involved in the fibrotic process were expressed before damage was manifested histologically. These investigators used two single 
doses of radiation to the whole thorax of C57B1/6 mice, a strain known to be sensitive to the fibrogenic effects of lung radiation. The lowest dose used, 5 Gy, is well 
below the threshold known to induce clinical symptoms and pathologic changes of radiation pneumonitis and fibrosis, while the second higher dose of 12.5 Gy is 
closer to the reported LD50 for radiation-induced lung damage in this strain, although this dose itself does not cause any deaths from lung damage. The data showed 
that all three forms of TGF-b mRNA, that is, TGF-b1, b2, and b3, were increased in the lungs of C57B1/6 mice at 14 days, but a consistent dose response relationship 
was not found. For example, the increase in TGF-b1 was similar after both doses at 14 days; for TGF-b2, an increase was observed only after the higher dose of 12.5 
Gy; whereas TGF-b3 was increased only after the lower dose of 12 Gy. Despite these inconsistencies, these data show clearly that after radiation doses that cause 
no clinical signs nor pathologic changes of radiation lung damage and before the onset of overt lung damage, alterations in expression of at least this fibrogenic 
cytokine occur which may ultimately lead to the development of chronic fibrosis.

However, just as there is not one target cell that, when depleted, leads to the complex pathologic process known as radiation pneumonitis and fibrosis, it is equally 
unlikely that the overexpression of only one cytokine initiates and promulgates the fibrogenic process in the lung. It is more likely that the damage, repair, and 
restructuring of the lung after irradiation as well as other toxic insults is the result of a cytokine network orchestrated by a few key cytokines, such as TNFa and 
TGF-b. Thus it may be the balance of a few positive profibrogenic cytokines and negative antifibrogenic cytokines generated from the interaction of a number of 
cytokines constituting these networks that may finally determine the outcome of lung injury and inflammation. Unfortunately, it is not easy to dissect out the role of any 
of these cytokines in lung damage and repair. However, one approach to determining the role of various cytokines in lung fibrosis is to take advantage of known 
differences in susceptibility to radiation-induced fibrosis in different inbred mouse strains.

Johnston and colleagues,77 using the fibrosis-prone C57B1/6 strain and the fibrosis-resistant C3H/HeJ strain, showed that the elevation of mRNA levels of a number 
of chemokines known to play a role in the recruitment of inflammatory cells to sites of pulmonary damage was not different between the two strains when assessed at 
eight weeks after irradiation. However, by 26 weeks postirradiation, messages encoding transcripts produced predominantly by macrophages and lymphocytes were 
elevated only in the fibrosis-prone strain. These data indicate that lymphocytic recruitment and activation are key components of radiation-induced fibrosis, but their 
role in the pathogeny of this process remains unclear. Thus, despite abundant evidence that expression of a multitude of cytokines is elevated in radiation-induced 
pneumonitis and lung fibrosis, their actual in vivo role and the mechanism of their upregulation remain to be determined. Regardless of our lack of understanding of 
how these factors mediate damage and repair in the lung, it is now clear that the latent phase preceding the overt expression of radiation damage in the lung is not a 
quiescent time, but that molecular changes are occurring that may ultimately result in the later clinical and histopathologic picture of pneumonitis and fibrosis. The 
events that lead to the overt expression of radiation-induced lung damage involve a number of complex cellular and molecular processes, which explains why the 
nature of both the inflammatory responses and the triggering mechanism that induces the fibrotic response in the lung remain poorly understood.

Table 13.2 summarizes the proposed changes in target cells and growth factors after lung irradiation.

TABLE 13.2. TARGET CELLS AND GROWTH FACTORS ASSOCIATED WITH RADIATION-INDUCED PNEUMONITIS AND FIBROSIS

Time, Dose, and Volume Considerations

Fractionation. The sparing effects of fractionating dose in radiotherapy has been known since the experiments performed on rams' testicles in the 1920s and 1930s. 
Assuming that the testes were a model of a rapidly growing tumor and the skin of the scrotum was representative of normal tissues, it was found that the ram could not 
be sterilized by a single dose of radiation without causing extensive damage to the skin, while spreading the dose out over a period of weeks resulted in sterilization 
without producing unacceptable skin reactions. The basis of fractionation lies in the understanding that dose fractionation spares normal tissue reactions by allowing 
repair of sublethal damage and repopulation of target cells during treatment while increasing tumor cell kill by allowing reoxygenation and reassortment of cells into 
more sensitive parts of the cell cycle. 78,79,80,81 and 82 For years, the standard fractionation regimen was doses per fraction of 1.8 to 2.0 Gy over treatment times of four to 
six weeks. Modification of this conventional treatment schedule by increasing the dose per fraction in the treatment of lung cancer resulted in unacceptable sequelae 
in tissues such as the spinal cord. However, it was not until the early 1980s that we began to understand the basis for the differences in fractionation sensitivity of 
normal tissues.

Lung is a late-responding normal tissue; that is, damage is not manifested until weeks to months after completion of a standard course of radiotherapy, in contrast to 
tissues such as intestinal mucosa, which manifests damage during and shortly after the completion of a course of treatment and is an acutely responding normal 
tissue. An analysis of experimental data for a variety of both acutely and late-responding normal tissues by Thames and associates 83 demonstrated a clear and 
consistent difference between fractionation effects in these two categories of tissues. By plotting the total dose for an isoeffect specific to a variety of tissues versus 



the dose per fraction, it was found that the total dose for a given effect in any late-responding normal tissue increased more rapidly as the dose per fraction was 
decreased than did the total dose for an effect in any acutely responding normal tissue. This pattern was observed consistently in all acutely and late-responding 
tissues analyzed and suggests that late-responding tissues such as the lung are more sensitive to changes in dose per fraction than are acutely responding tissues. 
These data imply that decreasing the dose per fraction should spare late-responding tissues such as the lung more than acutely responding tissues as well as the 
tumor, if tumors respond like acutely responding normal tissues. It has been suggested that the difference in fractionation response for acutely and late-responding 
normal tissues is due to differences in the repair capacity or shoulder shape of the underlying dose-response curves for these two classes of tissues, that is, the 
dose-response curve for the late-responding tissues is curvier than that for acutely responding tissues. 83 One way of defining these differences is by the a/b ratio, 
which derives from the linear quadratic model of cell killing. 83,84,85,86 and 87 Briefly, this model assumes that there are two components of cell killing by radiation; one that 
is proportional to dose, and the second that is proportional to dose. 2 The a/b ratio then is the dose at which the linear and quadratic contributions to cell killing are 
equal. For late-responding tissues such as the lung, the dose-response curve bends at lower doses than for acutely responding tissues, and therefore the dose at 
which the a and b contribution to cell killing is equal is lower in late-responding than acutely responding tissues. In general, the a/b ratio is below 5 Gy for 
late-responding normal tissues and greater than 5 Gy for acutely responding normal tissues. For the lung, the a/b is about 3 Gy. 81,88,89,90 and 91 In clinical radiotherapy, 
then, significant sparing of normal lung damage can be gained by decreasing the size of the dose per fraction.

A second factor in the sparing of normal tissues is repopulation of surviving cells during treatment. However, the late response of the lung, that is, weeks to months 
after completion of treatment, suggests that repopulation does not occur during a conventional four-to-six week treatment schedule. Although retreatment studies in 
the lung suggest that this may not be totally correct and that repopulation may occur within the first four weeks after irradiation, 92 it remains a general axiom that 
conventional fractionation schedules extending for six weeks do not allow triggering of proliferation and subsequent repopulation in the lung, a late-responding tissue. 
Thus, in terms of clinical radiotherapy, prolonging overall treatment time will have little, if any, sparing effect on the lung.

It can be stated, then, that in the lung the size of the dose per fraction is the dominant factor in determining lung damage, while overall treatment time will have little 
influence. What is more important is that prolonging treatment time may decrease tumor response because of accelerated repopulation of surviving and proliferating 
tumor cells during treatment.93,94 and 95

These radiobiological findings have been translated into the clinical treatment of lung cancer using fractionation protocols that vary from the conventional protocols by 
reducing the size of the dose and giving more than one fraction per day, while keeping the overall treatment time the same as in traditional schedules. To compensate 
for the loss of cell killing in the tumor by the reduction in dose per fraction, higher total doses are given. Thus the goal is to hold the lung damage constant by the 
reduced dose per fraction, but simultaneously increase tumor control by giving a higher total dose. The fractionation schedule most commonly used in the treatment of 
lung cancer, termed hyperfractionation, gives two doses of 1.2 Gy per day. In initial clinical trials, the total doses given ranged from 60 Gy, the same total dose given 
in conventional schedules using one fraction of 2 Gy per fraction, to 69.6 Gy. 96,97 The risk of both acute and late effects was found to be acceptable, and there was a 
dose response for survival, with survival significantly improved in patients receiving the highest total dose. In a second trial, total doses were escalated to a maximum 
of 79.2 Gy, but this increase in total dose did not result in a significant survival advantage, although lung toxicity was still acceptable. Further clinical trials are 
underway to test this hyperfractionation protocol against conventional protocols using 2 Gy per fraction alone or combined with systemic radiotherapy.

Volume of Lung Irradiated. It is well accepted by the radiation oncologists that in addition to fractionation, an effective technique to reduce morbidity is to reduce the 
volume of normal lung irradiated. The advent of 3D treatment planning and conformal radiation therapy allow the use of more than the traditional two to four opposing 
treatment fields, making it possible to tailor the treatment plan to the individual patient and tumor. However, the dose distributions in these nontraditional plans may be 
very different from those used in standard two or three field treatments. For example, some plans may deliver a small dose to a larger volume of lung than in opposed 
fields, making it difficult for the radiotherapist to extrapolate from experience to predict the probability of incurring morbidity. In addition, the lung is a paired organ and 
has a large functional reserve, thus it is expected that it would exhibit a threshold volume, that is, a subvolume below which irradiation causes no detectable injury, 
even at very high doses.3,98,99 However, since most experimental studies had been performed using whole-lung irradiation, neither the threshold volume nor the 
relationship of volume of lung irradiated, dose, and morbidity were defined.

In the past few years, with the impetus of conformal therapy and questions from radiotherapists regarding the volume response of the lung, experimental studies have 
been initiated in a number of labs to address these questions. Most of the data for partial lung irradiation have been obtained from hemithoracic irradiation studies in 
mice and rats. In these studies, single-dose irradiation of only one lung led to dose-dependent increases in one functional assay—breathing rate—but not in lethality 
(Travis, unpublished observations). The initial increase in breathing rate was followed by a decrease that was suggested to be coincident with compensatory 
hypertrophy of the unirradiated lung and/or the formation of new alveoli that increased the surface area of the lung. Both breathing rate and lethality are assays of 
total lung function, both the irradiated half and the unirradiated half, and show clearly that the lung has a large functional reserve. Other studies using blood flow 
changes in hemithoracic irradiated mice and rats showed that vascular changes in the irradiated lung were similar to those after whole-lung irradiation. 59 Thus this 
assay of regional function showed no difference after whole-versus partial-lung irradiation.

A series of experiments in mouse lung designed to define the relationship of dose and volume to damage assessed histopathologically and morbidity assessed by two 
tests of total lung function—breathing rate and lethality—has been reported recently. 100,101 In these studies, a range of lung volumes, from 20% to 100%, were 
irradiated. In addition, matched volumes were irradiated in the base or in the apex of the lung to test the hypothesis that the functional subunits were randomly and 
homogeneously distributed. Figure 13.4 shows the proportion of dead mice after irradiation of two of the matched volumes in the apex and base of the lung, 50% and 
75%. Figure 13.5 shows breathing rate and lethality as a function of the percentage volume of lung irradiated in the apex or the base of the lung. It is clear from these 
data that for any given volume, the base of the lung is more sensitive than the same volume in the apex, that is, the isoeffect doses for both breathing rate and 
lethality are lower for all irradiated volumes in the base than in the apex.

FIGURE 13.4. Dose-response curves of lethality after irradiation of two partial volumes of the lungs of C3H mice. 70% to 75% ( top) or 50% (bottom), located in the 
apex (A) or base (B) of the lung. The dose-response curve for whole lung is shown for comparison. These data show a clear volume effect. The lethal dose that kills 
50% of the population (LD50) for irradiation of 50% in either the base or apex is higher than the irradiation of the larger volume of 75% in these same two sites. In 
addition, these data show that the LD50 is dependent on the site of the lung irradiated. The isoeffect dose is less for both volumes irradiated in the base than in the 
apex, suggesting that the base is more sensitive than the apex. These data indicate that the volume effect is dependent not only on the volume of lung irradiated but 
also on the site of the lung irradiated.



FIGURE 13.5. Breathing rate (ED 50, top) and lethality (LD 50, bottom) for radiation pneumonitis, plotted as a function of partial volume irradiated in the apex of 
base of the lung. The curves are second-order regression fits to the data. The curve for irradiation of a range of volumes in the base is consistently displaced below 
that for irradiation of the same volumes in the apex, that is, the isoeffect doses for both breathing rate and lethality are lower for all volumes irradiated in the base than 
in the apex. These data show clearly that the base is more sensitive than the same volume in the apex for the induction of radiation pneumonitis. (From Travis EL, 
Liao Z-X, Tucker SL. Spatial heterogeneity of the volume effect for radiation pneumonitis in mouse lung. Int J Radiat Oncol Biol Phys 1997;38:1050, with permission.)

Although the underlying mechanism of this spatial heterogeneity in the response of the mouse lung to radiation is unknown, Travis and co-workers 101 suggested that 
there is a heterogeneous distribution of target cells or functional subunits in the lung, which is due to the anatomy of the tracheobronchial tree. The alveoli are 
concentrated in the periphery of the lung, whereas the mid region of the lung is most occupied by conducting airways, which are not involved in gas exchange. Thus 
the base of the lung is more sensitive because there is a higher concentration of alveoli and fewer conducting airways in this region, whereas a large portion of the 
mid region of the lung is occupied by large branching bronchi and bronchioles. Boersma 102 suggested that these regional differences in the incidence of pneumonitis 
could be accounted for by differences in functionality of cells in the base and apex, rather than to a difference in density. Khan and co-workers 103 ascribe these 
regional differences in the incidence of radiation pneumonitis to differences in the amount of DNA damage sustained by the cells in the apex and the base, that is, the 
cells in the base sustain more DNA damage than those in the apex when either region is irradiated. Interestingly, this differential in DNA damage between cells 
isolated from the apex or base of the lung disappears when the whole lung is irradiated. Regardless of the mechanism underlying these regional differences, it is clear 
that the morbidity of lung irradiation will be related not only to the volume of lung irradiated but to the location of the irradiated subvolume within the lung. Based on 
these data, then, greater morbidity would be expected when the irradiation portal includes the base than when the apex is included. Also, when using conformal 
therapy, the data suggest that the volume irradiated in the base be kept as minimal as possible.

Regardless of the mechanism of the heterogeneity of the lung's response to partial-volume irradiation, these data impact on the use of nonconventional treatment 
techniques such as 3D conformal radiotherapy and more recently, intensity modulated radiotherapy (IRMT) in the treatment of lung cancer. Both of these latter 
techniques treat larger volumes of normal lung than conventional treatment techniques, although the normal lung would get a smaller dose. However, the question of 
whether a lot to a little (conventional treatment) is better or worse than a little to a lot (3D and IMRT), has not been answered. Using the mouse data, Tucker and 
associates104 calculated the incidence of pneumonitis for subvolumes of the lung irradiated with a fixed dose. As shown in Figure 13.6, the complication rate varies 
over the entire range of possible responses, from a 100% incidence after irradiation of the base, to a 0% incidence after irradiation of the mid-lung, with an 
intermediate incidence after irradiation of the apex. These data indicate that relatively small changes in the location of the irradiated subvolume in lung may 
correspond to significantly greater changes in the incidence of pneumonitis than moderate changes in either the dose or the size of the irradiated subvolume. Using 
the mouse data, Tucker and associates found, using a constant integrated dose of 12.7 Gy, that the risk of pneumonitis varied enormously depending on the site of 
the irradiated subvolume (Figure 13.7), whereas for both the apex and the mid-region of mouse lung, a little to a lot was found to be worse that a lot to a little, 
provided that the integrated dose, that is, the product of volume and dose, was kept constant. However, a quite different picture emerges for the base, where 
irradiation of 50% to 70% of the lung is predicted to be worse than irradiation of either larger or smaller subvolumes, again provided that the integrated dose is kept 
constant. After volumes larger than 70%, the decrease in the probability of pneumonitis occurs because the increase in the number of cells irradiated is more than 
offset by the decrease in dose required to maintain the constant integrated dose. In terms of the threshold volume, that is, that volume below which radiation causes 
no detectable injury even at very high doses, the predicted size of this volume depends on the region of lung irradiated and ranges from 10% in the base to 30% to 
40% in the apex.

FIGURE 13.6. Effect of subvolume location on response calculated using estimates of cell density in different subvolumes of the lung. The solid curve shows the 
predicted incidence of pneumonitis in mice after irradiation of a subvolume of fixed size (70%) with a fixed dose (22 Gy), plotted as a function of the location in the 
lung of the irradiated subvolume. The complication rate varies over the entire range, from a 100% incidence rate after irradiation of the base to a 0% incidence after 
irradiation of the mid-lung to an intermediate incidence after irradiation of the apex. Dashed curves represent the 95% confidence band around the predicted curve, 
based on the uncertainty in the estimated cell density parameters. (From Tucker SL, Liao Z-X, Travis EL. Estimation of the spatial distribution of target cells for 
radiation pneumonitis in mouse lung. Int J Radiat Oncol Biol Phys 1997;38:1062, with permission.)

FIGURE 13.7. Predicted incidence of pneumonitis in mouse lung as a function of irradiated volume where the integrated dose (dose × volume) is kept fixed at 12.7 
Gy, equal to the whole-lung LD50. The upper, middle, and lower curves represent volumes in the base, apex, or mid-region of the lung respectively. Stippled regions 
around the curves represent the 95% confidence limits. It is clear that whether a lot to a little is better than a little to a lot is critically dependent on the location of the 
irradiated subvolume. In the base, the risk of pneumonitis is highest after irradiation of an intermediate subvolume with an intermediate dose, whereas in the apex, a 
little to a lot is generally worse than a lot to a little. (From Tucker SL, Liao Z-X, Travis EL. Estimation of the spatial distribution of target cells for radiation pneumonitis 
in mouse lung. Int J Radiat Oncol Biol Phys 1997;38:1062, with permission.)



Interestingly, a recent clinical study 105 found that the risk of pneumonitis in patients varied with the location of the irradiated site, exactly as had been observed in 
mouse lung. In a study of 60 patients treated with radiation and chemotherapy given either sequentially or concurrently for lung cancer, the site of irradiation in the 
lung was evaluated by dividing the whole lung into three-by-three areas, that is the right and left lung were divided into three equal areas from upper to lower lung 
field. When the risk of pneumonitis was analyzed by irradiated site, it was found that when the lower lung field was included in the radiation site, the incidence of 
pneumonitis was 70%, compared with 20% for other sites (p less than 0.01). Multivariate analysis revealed a significant relationship between radiation site and the 
risk of pneumonitis (p = 0.0096). These data are consistent with the data from the mouse studies, both of which show that irradiated site, the base of the lung, is a 
treatment factor significantly associated with a higher risk of pneumonitis following CRT.

In contrast to the data from lung function tests, no volume effect was found for damage in the studies of Liao and colleagues. 100 A characteristic pneumonitis was 
found in all mice regardless of the volume of lung irradiated. These data illustrate the necessity to define whether damage or morbidity is being assessed in both 
clinical and animal studies, as different answers may be obtained. In addition, these data indicate that tests of total lung function that reflect a summation of the 
function in the irradiated volume and the function of normal lung in the unirradiated volume will give a different answer from regional lung function tests that assess 
damage only in the irradiated area.

Quantifying Dose-Volume Relationship in Patients

Approximately 50% to 90% of patients who receive lung irradiation will have radiographic or pulmonary function abnormalities following treatment; however, the 
significance of these changes in terms of morbidity varies from minimal to severe, depending on the volume of lung irradiated. A comprehensive study of radiation 
pneumonitis after partial volume fractionated irradiation in patients was conducted by Mah and associates. 30 The end point was an increase in lung density within the 
irradiated volume on CT in the posttreatment period. The estimated single dose equivalent, ED50, was 10 ± 4 ED units, at the low end of the dose range for 
pneumonitis in various mouse strains (Figure 13.8). However, no information was obtained for the effect of these changes on pulmonary function. More recent studies 
by Boersma4,6 and Marks and colleagues11 in which changes in regional lung function were quantified showed that the dose-effect curves for both functional 
parameters studied—perfusion and ventilation ( Figure 13.9)—were less steep than the dose-effect curve for structural changes as measured by density changes on 
CT published previously by Mah et al. 9,32 The lack of correlation between CT changes as a measure of structural damage and tests of regional lung function was more 
clearly observed in one study by Boersma4 in which all assays were performed in the same patients. These data suggest that lung density may be a different 
biological end point from perfusion and ventilation, the former representing the late phase of fibrosis, while the functional assays measure the ability of the irradiated 
lung within that area to perform gas exchange.

FIGURE 13.8. Dose-response curve for the incidence of acute radiation pneumonitis after fractionated radiotherapy of the whole lung in humans. The solid curve is 
the best fit sigmoid to the data points as determined by probit regression. An ED50 of 1,000 ED units with a standard error of 40 ED units is predicted. Vertical error 
bars are the standard deviation of the points. (From Mah K, Van Dyk J, Keane T, et al. Acute radiation-induced pulmonary damage: a clinical study on the response to 
fractionated radiation therapy. Int J Radiat Oncol Biol Phys 1987;13:179, with permission.)

FIGURE 13.9. Dose-incidence curves for perfusion ( A), ventilation (B), and lung-density changes (C) greater than 20%, indicating the fraction of patients with average 
local changes greater than 20%. The solid lines are logistic fits to the data points; the error bars on the points indicate the 68% confidence limits. (From Boersma LJ, 
Damen EMF, de Boer RW, et al. Dose-effect relations for local functional and structural changes of the lung after irradiation for malignant lymphoma. Radiother Oncol 
1994;32:206, with permission.)

Numerous studies in the literature describe changes in local lung function using a number of assays, such as those described above and others such as SPECT 
scanning. However, what is critical in 3D conformal treatment in which both dose and volume are changing is the effect of these changes in regional function and 
structure on whole-lung function. In other words, as the volume of normal lung irradiated increases, should the dose be decreased, and if so, by how much? Clearly, 
the correlation of clinical symptoms or changes in whole-lung function is heavily dependent on the volume of functioning lung remaining. What is well accepted is that 
there is a clear separation between whole organ and regional organ tolerance. The impact of changes in regional lung function and structure on whole-lung function 
will depend on the dose-volume histogram (DVH).

The most convenient way of expressing this type of information is a DVH which is then used to develop mathematical models that attempt to predict normal tissue 
complication probability (NTCP). Although NTCP models are useful tools in the treatment planning process, the absolute values of the predicted complication rates 
must be verified clinically. Because verification of the complication rates predicted from NTCP models requires a large number of patients, Kwa and co-workers, 106 in 
a large, five-center study of 540 patients, asked the question whether a parameter such as mean lung dose could predict the probability of radiation pneumonitis using 
doses calculated from 3D treatments. These authors have reported that the mean lung dose, NTD mean, is a useful predictor of the risk of radiation pneumonitis. This 
parameter is relatively easy to calculate from the 3D dose distribution and is far simpler than NTCP calculation. In addition, there was a good correlation between the 
mean biological dose, NTDmean, and the mean physical dose, Dmean, both of which have a clear meaning. Thus, until more complex predictive models can be 
proven to be superior, these authors suggest that calculation of simpler parameters such as the NTDmean may prove more useful for predicting the risk of lung 
complications when treatment volume is changed.

Intervention in the Pathogenesis of Radiation Pneumonitis and Fibrosis

Although changes in dose-fractionation schedules and information on the effect of irradiated volume on the incidence and severity of radiation pneumonitis and 
fibrosis have led to advances in the treatment of lung cancer, the challenge is to identify agents that either protect against lung damage or specifically intervene in the 
pathogenesis of pneumonitis or fibrosis. Although it has been generally thought that interventional techniques would not work, recent studies on the events occurring 



during the latent period could prove useful in designing compounds that specifically intervene in these events.

Much information has been obtained at the cellular and molecular level on the biology of connective tissue formation and the pathophysiology of connective tissue 
diseases. The knowledge that pharmacologic interventions can be specifically targeted at varying strategic points in the life cycle of fibroproliferative processes has 
broadened considerably the realm of therapeutic modalities that might be investigated to control these processes. Numerous approaches designed to control collagen 
deposition remain untested in the lung. It would be useful to develop delivery methods that exploit the unique aspects of the lung to overcome the toxicity associated 
with collagen inhibitors. Collagen degradation, use of steroidal and nonsteroidal anti-inflammatory drugs, and cyclic nucleotides offer opportunities to control the 
accumulation of extracellular matrix in the lung.

Cytokines. Studies of the events occurring during the “latent phase” of radiation lung injury have shown that a number of these molecules and growth factors are 
activated during this time, some of which may be exploited interventionally.

Basic Fibroblast Growth Factor (BFGF). A cytokine suggested to be useful in protecting against radiation pneumonitis in mice is the growth factor basic fibroblast 
growth factor, bFGF. Fuks and co-workers 107,108 and 109 have shown that this cytokine protects against radiation-induced apoptosis in bovine arterial endothelial cells in 
vitro108,109 as well as against apoptosis in endothelial cells in irradiated lungs of mice. 107 bFGF also protected mice against the lethal effects of radiation 
pneumonitis.107 However, neither the time of death nor the histological changes observed were consistent with classical radiation pneumonitis. Hemorrhage and 
edema in the air spaces was a consistent finding at eight to ten weeks, when the mice were sacrificed because they were moribund. In a separate study giving bFGF 
after radiation doses to the whole lung that induce a classical pneumonitis, no protection with bFGF was found. 110 Although the reason for the discrepancy between 
these two studies is not clear, it is possible that the higher doses used by Fuks and co-workers 107 produced “sporadic pneumonitis” whereas the lower doses used in 
the study by Tee110 induced a classical pneumonitis. Despite these unresolved differences, these studies do indicate the potential for intervening in these reactions. 
These studies also indicate our incomplete understanding of the events that occur after chest irradiation.

Interferon g (IFN-g) . The rationale for the use of this cytokine in modulating radiation pneumonitis is that IFN-g has been shown to reduce the severity of 
bleomycin-induced fibrosis in mouse lung 111 and to inhibit acute inflammation. 112,113 Thus, if radiation-induced fibrosis is a sequelae of an acute inflammatory 
response, that is, pneumonitis, then IFN-g could potentially reduce the severity of lung fibrosis after irradiation. In a study in rats, Rosiello and colleagues 114 showed 
that IFN-g markedly reduced the neutrophil influx and protein leak into the alveoli after irradiation of rat lung with a single dose of 15 GY, suggesting that prophylactic 
administration of IFN-g could reduce the severity of radiation pneumonitis in humans. However, long-term follow-up of these animals showed that although IFN-g 
reduced early inflammatory events in irradiated lungs, the tissue response at 35 days, the end of the study, showed that the number of cells and exudate in the 
irradiated lungs of the IFN-g-treated rats was not different from that in rats only irradiated. Thus it is unclear whether IFN-g could be useful in modulating either 
radiation pneumonitis or fibrosis.

Noncytokine Protection.  Because radiation damage in the lung is manifested as an alveolitis followed by focal scarring with an attendant increase in collagen, many 
studies have focused on identifying drugs active against either one or both of these lesions. One of the first drugs to be used clinically was the steroid prednisolone. It 
was hypothesized to modify radiation pneumonitis by reducing the inflammatory and exudative portion of lung injury, and both animal and human studies showed that 
prednisolone did protect against the early phase of pneumonitis. However, when drug administration was terminated, the alveolitis reappeared and in mice the LD50 
for pneumonitis was not changed.

A second approach of these early studies was to attempt to intervene in the fibrotic process with collagen antagonists. Perhaps the most widely tested was 
D-penicillamine, a compound shown in experimental studies significantly to inhibit collagen accumulation in rat lung for up to one year after irradiation. 115,116 This 
biochemical effect was translated into significant improvement in pulmonary function. Although shown to be effective in rats at a concentration that produced no 
deleterious side effects, D-penicillamine was not widely tested in the clinic, perhaps because its effectiveness required continuous administration.

As more data became available on the different cell types involved in radiation pneumonitis, it became possible rationally to test drugs known to reduce cell killing in 
these different populations. To determine the role of endothelial dysfunction in the pathogenesis of radiation-induced pneumonitis and fibrosis, Ward and 
colleagues64,65 and 66 quantitated markers of endothelial activity—angiotensin converting enzyme (ACE) and plasminogen activator—and correlated these changes with 
pulmonary perfusion scans and morphologic changes. A time- and dose-dependent decrease in ACE was observed after irradiation of either the whole thorax or 
hemithorax that was in good agreement with pulmonary perfusion scans. Based on these data, these investigators then sought agents which would protect the 
endothelial cell, the presumed target, against radiation-induced cell killing. 117,118 and 119 The most promising drug is one that is commonly used in the management of 
hypertension and congestive heart failure by millions of people—captopril. 120,121 This drug contains a free thiol and is an orally active competitive inhibitor of ACE, the 
enzyme that metabolizes angiotensin 1 to the vasoconstrictor angiotensin 2 and inactivates the bradykinins. In preclinical studies, captopril has been shown to 
ameliorate endothelial dysfunction after irradiation and to reduce radiation-induced lung fibrosis in rats. 119,122 Further support for the use of captopril against 
radiation-induced lung fibrosis is that it reduces age-related and radiation-induced cardiac fibrosis in rats 123 and, in patients, decreases morbidity and mortality from 
left ventricular dysfunction after myocardial infarction. 124 Captopril has been shown to be effective also in experimental radiation nephropathy by reducing proteinuria, 
preserving kidney function, and enhancing survival in rats. 125,126 and 127 These promising preclinical studies, coupled with the clinical use of the drug for hypertension, 
have prompted a clinical trial of captopril in lung cancer patients treated with radiation. Although the mechanism of its protective effect is unknown, studies in vitro 
suggest that captopril acts by inhibiting proliferation of lung fibroblasts. 128

GENETIC REGULATION OF RADIATION- AND DRUG-INDUCED PNEUMONITIS AND FIBROSIS

A body of data has emerged in this area since the first edition of this book. Clinically, it has been well recognized that there are individual differences in the severity of 
treatment-related complications, including the severity of radiation-induced pneumonitis and fibrosis after definitive radiotherapy for lung cancer. A recent study by 
Gears and colleagues129 of a group of 56 patients with limited small cell lung cancer who were treated with chemoradiotherapy demonstrated patient-to-patient 
heterogeneity, suggesting that the risk of lung fibrosis is strongly affected by inherent factors that vary among individuals. Although this heterogeneity could be due to 
a number of factors, mouse studies indicate that at least part of this response may be regulated by genetic factors.

Twenty years ago Steel and co-workers130 reported an anomalous finding after irradiation of the whole thorax of C57B1 mice. Using a dose range designed to capture 
the LD50 for radiation pneumonitis previously reported in other mouse strains, they found that the survival time of this inbred strain of mice was significantly prolonged 
beyond the standard 80 to 180 days reported for radiation pneumonitis in other mouse strains. However the LD50 for radiation pneumonitis was similar in this strain to 
that reported in other inbred strains, leading them to conclude that the C57B1/6J strain was not more “resistant” to radiation-induced lung damage, but that the 
survival time was simply prolonged. However, subsequent studies by Down and co-workers131,132 in a number of inbred mouse strains showed that the incidence of 
radiation pneumonitis and fibrosis was strain-dependent. Although strain-dependent differences could be due to a number of factors, certainly one possibility is that 
there is a genetic basis to this strain dependence. Down and co-workers conducted studies on the F 1 hybrid of a cross of a sensitive and resistant parent, but no 
clear-cut genetic dominance for the fibrosing phenotype was found. 132 However, in an in-depth survey of the incidence of radiation pneumonitis and fibrosis in nine 
inbred mouse strains, Sharplin and Franko 40 showed that the strains could be categorized as fibrosing, nonfibrosing, or intermediate, based on quantitative 
histological data. Further studies by these authors showed that the crossbreeding of strains with different proneness to fibrosis produced hybrids with the same 
sensitivity of the least fibrotic parent; the F 1 hybrid of a fibrosing and a nonfibrosing strain was uniformly nonfibrosing while a cross of an intermediate with a fibrosing 
strain produced a hybrid intermediate in its proneness to fibrosis, 133 suggesting that sensitivity to radiation-induced fibrosis is an autosomal recessive trait.

Although the data indicate that radiation-induced fibrosis is under polygenic control, the availability of mapping technologies, a genetic map of the mouse genome, 
and the existence of over 3000 markers polymorphic for the fibrosis-prone C57BL/6J and the fibrosis-resistant C3H/HeJ inbred strains allow the undertaking of a 
search for those genes that regulate radiation-induced fibrosis in these two mouse strains. In breeding studies using the C57B1/6J and the C3Hf/Kam inbred strains of 
mice to produce F2 progeny which were individually genotyped and phenotyped by quantifying fibrosis in the lungs of each mouse, Haston and colleagues 41 have 
reported one loci on chromosome 17 that segregates with the fibrosing phenotype. This loci, which is within the region containing the major histocompatibility locus 
(MHC), has also shown by these same authors to be linked to bleomycin-induced lung fibrosis. 134 This same loci has been shown to be linked to susceptibility to 
ozone-induced lung damage in mice.135 These data suggest that at least one genetic factor regulating pulmonary fibrosis may be universal and independent of the 
etiologic, although other loci have been shown to be insult-dependent.

The genetic regulation of pathologic processes in the lung is not without precedent. It is well known that pulmonary inflammation is controlled by genes in the H-2 



complex.136,137 and 138 Mice with an H-2k loci are high responders (i.e., C3H mice), and those with an H-2 b loci are low responders (i.e., C57B1 mice). 136,138,139 In the 
studies of Sharplin and Franko40 and Down and associates,132 pneumonitis was found to be strain-dependent and related to the H-2 loci, that is an inflammatory cell 
infiltrate was not a feature of pneumonitis in the highly fibrogenic C57B1 strain, while conversely, an inflammatory cell infiltrate was the most prominent characteristic 
of the pneumonitis phase in the weakly fibrogenic C3H strain. Although these observations refute the hypothesis that immune-inflammatory processes usually precede 
fibrosis, they clearly indicate that pneumonitis after irradiation of mouse lung is genetically regulated. However, the strain sensitivity to radiation pneumonitis is exactly 
opposite that for radiation-induced fibrosis, that is, the C57B1 are highly fibrogenic and the C3H are weakly fibrogenic.

In Sharplin's and Franko's study, 40 lung fibrosis was defined as collagen deposition in the interstitium and air spaces, resulting in contracture and collapse of the 
alveoli, an obliteration of normal lung architecture, and an attendant loss of pulmonary function resulting in the death of the mouse. The designation of “highly 
fibrogenic” was based on the number of acini obstructed by this contracted scar; in their studies only the C57 strains met these criteria. Another form of fibrosis 
characterized by collagen deposited only in the interstitium, a process that maintains alveolar structure, was largely ignored because it was suggested that this lesion 
alone would not produce sufficient functional impairment to cause death. The strains exhibiting this lesion, that is, CBA and C3H, were considered weakly fibrogenic. 
Thus the genetic regulation that controls the contracted fibrotic process described by Sharplin and Franko 40 may not be identical to that controlling interstitial fibrosis 
although there may be overlaps. Contrary to Sharplin's and Franko's suggestion that interstitial fibrosis is not a lethal event, it has been shown previously that 
interstitial fibrosis in the lung 15,24 and colon43 can and does cause the demise of both CBA132 and C3H15 mice. Thus these lesions may represent two types of fibrosis 
regulated by different genes or sets of genes. In further studies using a number of inbred strains, Franko and colleagues 42 have also suggested that radiation can 
elicit two independent mechanisms for the development of fibrosis in mouse lung, one of which is controlled by two autosomal recessive determinants which act 
additively, the other of which is regulated independently by two additional genes, one of which is X-linked. Thus it is clear that radiation-induced pulmonary fibrosis is 
genetically regulated at least in part, but the genetics underlying this pathologic process appear to be complex.

Of the nine strains studied by Sharplin and Franko, all the C57B1 strains were found to be high responders, while both the C3H and CBA mice were identified as low 
responders. Similar strain variations in pulmonary fibrosis after a number of other insults have been reported. Particularly interesting are the data obtained after 
treatment with bleomycin, another DNA-damaging agent often used to induce lung fibrosis in model systems. The most striking finding after bleomycin treatment is 
that C57B1 mice were high responders140,141 and 142 while the C3H strain was weakly fibrogenic,143 findings remarkably similar to that observed after radiation. These 
data suggest that genetic factors related to susceptibility to lung fibrosis may operate independently of the etiologic agent.

CONCLUSIONS AND FUTURE DIRECTIONS

Although intervention in the process that results in radiation-induced fibrosis is certainly one way of decreasing the morbidity of thoracic irradiation for lung cancer, 
this approach would be reactive rather than proactive, and would not necessarily allow for higher tumor control by increasing tumor dose. The ultimate goal is to 
identify individuals who are at a higher risk of developing treatment-related pneumonitis and fibrosis before treatment begins. Clinically, a wide variation exists in the 
severity of lung fibrosis exhibited by individual patients treated similarly. These and data in other normal tissues demonstrate that variations in radiosensitivity exist in 
the same normal tissue cell type from different individuals. However, “tolerance” doses of both drugs and radiation are determined empirically from population 
averages and may reflect the sensitivity of a genetically determined minority. These data imply then that a majority of patients could be treated with higher doses of 
either modality without exceeding their individual tolerance to the treatment. One approach to increasing tumor control while maintaining an acceptable level of lung 
morbidity is to be able to identify those sensitive individuals before treatment begins. Although studies in humans and mice suggest that radiation sensitivity is 
genetically regulated, none of the genes have been identified. Nonetheless, predictive assays are being developed to individual patients at risk of developing severe 
late radiation effects, including lung fibrosis. 144,145 and 146

Radiation-Sensitivity Testing of Cultured Fibroblasts from Patients: Correlation with Tissue Fibrosis

It is now well documented that variations in radiosensitivity can be demonstrated in the same normal tissue cell type from different individuals, suggesting that 
radiosensitivity is genetically regulated. Data from patients with ataxia telangiectasia (AT) have established not only that these individuals are highly sensitive to 
ionizing radiation, but that in survival assays, fibroblasts isolated and cultured from AT patients are more radiosensitive by several logs than fibroblasts from 
unaffected individuals.147,148,149 and 150 Even in the normal population, a wide range of radiosensitivities is known to exist. If normal tissue radiosensitivity has a genetic 
component, then the radiosensitivity of cultured cells isolated from individuals should reflect the genetics of the individual. A number of studies have been performed 
to determine the relationship between fibroblast radiosensitivity as measured by the function of cells surviving a dose of 2Gy (SF 2Gy) (see also Chapter 12) and late 
tissue damage in patients.150,151 and 152 Although early studies reported variable results, more recent data suggest that fibroblast radiosensitivity may be a useful 
predictor of late radiation damage in vasculoconnective tissues. However, the majority of these studies have been performed using skin fibroblasts cultured from 
breast cancer patients. Fibroblast radiosensitivity as measured by SF2 was compared with both acute and late end points, and although the data do not demonstrate 
a clear relationship between fibroblast radiosensitivity and chronic skin damage, these data appeared to be promising. 150

In the case of patients with lung cancer, there are two issues that must be resolved experimentally. First, is there a correlation between lung fibrosis and survival of 
cultured lung fibroblasts? Also, since it would be difficult to obtain biopsies of normal lung from patients with lung cancer before treatment, the second issue is 
whether the radiosensitivity of fibroblasts isolated from another tissue, for example skin, from the patient will have a similar radiosensitivity as lung fibroblasts. Both of 
these questions have been investigated using two inbred strains of mice with documented differences in radiation induced lung fibrosis.

Dileto and Travis153 determined the radiosensitivity of fibroblasts cultured from the lung and skin of the fibrosis-prone C57B1/6 strain and the fibrosis-resistant 
C3Hf/Kam strains of mice. In these mouse models, lung fibroblast radiosensitivity was not different as measured by SF2, despite a more than 20-fold difference in 
fibrosis scores—5.1% and 0.2% in the fibrosis-prone and fibrosis-resistant strains respectively. Similar SF2 values were obtained for skin fibroblasts from the two 
strains, indicating that the radiosensitivity of fibroblasts isolated from lung and skin of the same strain is the same. These data indicate that the in vitro radiosensitivity 
of lung fibroblasts as assayed by survival at 2 Gy does not correlate with the development of lung fibrosis, at least in the two strains of mice used in the studies of 
Dileto.153

Thus the usefulness of the fibroblast radiosensitivity as measured by SF2 for predicting lung fibrosis remains unclear.

Transforming Growth Factor b

A second approach to identifying “at risk” patients would be to identify the expression of cytokines, growth factors or other factors during treatment that correlate with 
the later incidence of pneumonitis or fibrosis. The underlying rationale of this approach is to identify and intervene in the early expression of gene products that may 
participate in the pathogenesis of pneumonitis or fibrosis. The goal would be to define factors that could be monitored regularly and routinely during treatment. The 
requirement of such a test would be that these factors be easily accessible for multiple sampling.

Transforming growth factor b is a ubiquitous cytokine present in a number of organs undergoing fibrosis. 154,155 and 156 TGF-b also has been implicated in the causation 
of chronic pulmonary fibrosis in rats and mice exposed to bleomycin and cyclophosphamide 141,157,158,159,160 and 161 and in the development of hepatic fibrosis in irradiated 
rats.162 For this reason, it has been suggested that plasma levels of TGF-b may be increased before the onset of fibrosis. Recently, Anscher and colleagues measured 
the circulating levels of TGF-b in breast cancer patients undergoing bone marrow transplantation 162 and correlated these values with the later incidence of pulmonary 
fibrosis and hepatic venoocclusive disease, both of which are significant side effects of this treatment. TGF-b was determined initially after induction chemotherapy 
but before the administration of high-dose chemotherapy and subsequently after high-dose chemotherapy and transplantation. Hepatic venoocclusive disease and 
lung fibrosis were observed clinically between one to three weeks and 40 to 75 days after transplantation respectively. Analysis of the TGF-b levels after induction 
chemotherapy with the later incidence of liver and pulmonary fibrosis in individual patients showed that plasma levels of TGF-b had a positive predictive value of more 
than 90% for the development of fibrosis in either of these organs in a given patient. Although plasma levels of TGF-b were not determined before any treatment, and 
thus its usefulness in selecting patients more likely to develop lung fibrosis before treatment begins is unknown, these data suggest that routine monitoring of plasma 
TGF-b in individual patients undergoing radiation or chemotherapy for lung cancer could be useful as a predictor of lung fibrosis. More recently, Anscher and 
colleagues163 investigated in a prospective study the usefulness of TGF-b1 as a predictive marker for the development of radiation-induced lung damage. In this 
study, 73 lung cancer patients were treated with curative intent; all treatment parameters were similar in this patient cohort. TGF-b1 levels were measured before, 
weekly during treatment, and at each follow-up to six months after the completion of radiotherapy, when the study was ended. The end point was the development of 
radiation pneumonitis at six months after treatment, which was defined by National Cancer Institute common toxicity criteria. Only 15 (21%) of these patients 
developed symptomatic pneumonitis. In this study, a normal plasma TGF-b1 level by the end of radiotherapy was more common in patients who did not develop 
pneumonitis (Figure 13.10). A return of TGF-b1 plasma levels to normal accurately identified patients who would not develop pneumonitis with a positive predictive 



value of 90%, indicating that the level of this cytokine may be useful in identifying patients at low risk for the development of radiation pneumonitis. These patients 
could then be considered for dose escalation.

FIGURE 13.10. Plasma TGF-b-levels as a function of time for patients with an elevated pretreatment plasma TGF-b level who did not ( open symbols) or did (closed 
symbols) develop radiation pneumonitis. Although both groups experienced a reduction in TGF-b levels during treatment, in one group this decrease was transient, 
and the TGF-b levels returned to high levels. This group had a significantly higher risk of developing pneumonitis than those patients whose TGF-b levels remained 
within control values. (From Anscher MS, Kong F-M, Andrews K, et al. Plasma transforming growth factor b1 as a predictor of radiation pneumonitis. Int J Radiat Oncol 
Biol Phys 1998;41:1032, with permission.)

Such studies provide the impetus to search for other early markers of radiation- and drug-induced lung damage in the hope of preventing these potentially fatal 
complications.
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Combination chemotherapy has been the cornerstone of treatment for patients with small cell lung cancer (SCLC) for nearly three decades. 1 More recently, 
chemotherapy has also become the standard of care for patients with stage III and IV non–small cell lung cancer (NSCLC). 2,3 Since over two thirds of NSCLC patients 
present with stages III or IV disease, chemotherapy is now being considered for most of the 170,000 patients diagnosed with lung cancer in the United States. 4 
Despite the beneficial effects of drug treatment in producing tumor regressions, improving symptoms, and prolonging life, the use of chemotherapy is not appropriate 
for every patient. Cancer chemotherapy has a narrow therapeutic window, with the potential for producing life-threatening toxicity. Clinicians recommending 
chemotherapy for their patients must understand the goals of treatment and the potential for toxicity. This chapter outlines the general principles of cancer 
chemotherapy, including the pharmacology and toxicity of specific agents used for the treatment of lung cancer.

BIOLOGIC PRINCIPLES

Lung cancers commonly have several characteristics which limit the effectiveness of cancer chemotherapy. These factors include: (a) large tumor volume; (b) the 
presence of nondividing cells within the tumor; (c) cancer cells with different apoptotic pathways; and (d) the presence of drug-resistant tumor cells. The importance of 
these factors in treatment will be discussed in the following sections.

Cancer Biology

A 1 cm diameter tumor (rarely are lung cancers detected this early) contains 10 9 cells. A lethal tumor burden is only 3 logs higher (10 12 cells). Chemotherapy 
generally kills a specific fraction of malignant cells. 5,6 The fractional cell kill (e.g., 90%, 99%, or 99.99% cell kill) depends on the sensitivity of cells to the antineoplastic 
drug and upon the dose of drug administered. The model of fractional cell kill leads to two important principles regarding chemotherapy. First, because of the large 
number of cells present at diagnosis (e.g. 10 11), multiple courses of treatment are required for therapy even if a drug or a combination of drugs produces a 99.9% cell 
kill (i.e., kills 999 of every 1,000 cells present). One treatment with a 99.9% cell kill will reduce a tumor population from 10 11 to 108 cells. At least four treatments are, 
therefore, necessary to eliminate the final cancer cell, assuming there is no tumor cell growth during the treatment period. In fact, because of toxicity to normal tissues 
and time needed for normal tissue recovery, cancer chemotherapy is usually given on an intermittent basis. During the period between treatment cycles, tumor 
regrowth occurs. Thus most curative treatment regimens required multiple courses of chemotherapy, the number depending on the tumor mass at the time of 
diagnosis and upon the sensitivity of the tumor to the drugs.

A second concept from this model is that recurrent disease following “complete remission” (disappearance of all detectable disease) can be explained by the inability 
to detect fewer than 106 to 108 tumor cells in the body, even by the most sensitive test available. Chemotherapy that kills several logs of tumor cells (e.g., from 10 11 to 
104) eliminates all evidence of cancer and prolongs survival, but the cancer will recur at a later time. An example of the fractional kill concept with repeated cycles of 
chemotherapy is shown in Figure 14.1.

FIGURE 14.1. Schematic representation of clinical course of two patients with small cell lung cancer. Both patients A and B are diagnosed with an average-sized 
tumor mass (1011 cells). Both patients are treated with etoposide and cisplatin every four weeks for four cycles of chemotherapy. One course of therapy for patient A 
results in a three-log tumor cell kill (99.9%). Patient B's therapy results in only a one-log tumor cell kill (90%). Tumor growth occurs while waiting for normal tissue 
recovery before initiation of the next treatment. Four months into therapy, patient A has no clinically detectable disease (a CR) while patent B has had only a partial 
response. Patient A has a long disease-free survival, whereas patient B has a minimal survival advantage.

The cell cycle also plays an important role in designing cancer chemotherapy (see also Chapter 2). Two phases of a cell cycle can be directly observed and 
monitored: the S-phase and the M-phase. During S-phase (DNA synthesis), DNA replication occurs. During M-phase (mitosis), cellular division into two daughter cells 
is seen.6 G1 (gap-1) is the time from the end of mitosis to the start of the next S-phase. G 2 is the time between the completion of S and the start of M. Cells that have 
ceased to proliferate for prolonged periods have entered a G 0 phase (or resting phase) of the cell cycle ( Figure 14.2). Most lung cancers exhibit a Gompertzian model 
of cell growth. With Gompertzian kinetics, the growth fraction decreases with time. In a Gompertzian model, large tumor masses have smaller growth fractions with 
more cells in G0 phase. Some drugs (alkylating agents or platinum drugs) cause cytotoxicity when exposed to cancer cells in any phase of the cell cycle. Other 
antineoplastic agents are phase-specific; that is, they are cytotoxic primarily in a selected phase of the cell cycle. Vinorelbine, for example, induces metaphase arrest 
(M-phase) by blocking formation of the microtubules forming the spindle apparatus. Cells in G 0 are not killed by antineoplastic chemotherapy. Larger masses are, 
therefore, more resistant to chemotherapy.



FIGURE 14.2. The cell cycle is marked by two observable events, the S- and M-phases. During S-phase, DNA synthesis occurs. In the M-phase (for mitosis) cells 
divide. G1 and G2 (for gap) are times between completion of M and start of S and the completion of S and beginning of M, respectively. During G 1 and G2, the cell 
prepares for the S- and M-phases of the cell cycle. Cells may temporarily cease to divide and enter a resting or G 0 phase of the cell cycle. The G 1-S checkpoint is a 
critical phase in the cell cycle when directions for entering S-phase or committing to apoptosis (programmed cell death) are given. Cells can be damaged by 
chemotherapeutic drugs or growth factor deprivation. If the damage is sublethal, it may be repaired, and the cell proceeds into the S-phase. If significant DNA damage 
is present, the process of programmed cell death will be initiated. However, critical factors such as p53 and p21 gene products may be required for the cell to undergo 
apoptosis.

Antineoplastic Drug Action and Apoptosis

Antineoplastic drugs have a variety of initial targets. However, all antineoplastic agents cause a disruption in some normal cellular process which is so significant as 
to require the cell either to repair quickly the damage or to initiate the process of apoptosis or programmed cell death. All antineoplastic agents result in cell death 
through initiation of apoptosis. Apoptosis is the normal physiologic process of cellular suicide which occurs in all living organisms to eliminate unwanted, functionally 
abnormal, or harmful cells (see also Chapter 2). In apoptosis, in contrast with cellular necrosis, the cell shrinks and condenses, fragmenting into multiple 
membrane-bound bodies (apoptotic bodies) which are engulfed by surrounding cells without inflammation or damage to the surrounding tissues. Biochemically, 
apoptosis is characterized by fragmentation of nuclear DNA, as demonstrated by a typical DNA ladder pattern on agarose gel electrophoresis. 7 Several typical events 
of early cell cycle traverse are associated with apoptosis, for example, upregulation of proto oncogenes, such as c- myc, ras, c-fos, c-jun, cdc-2, and phosphorylation 
of the protein product of the tumor suppressor retinoblastoma gene. 8 There are different cellular thresholds, or set points, for apoptosis induction and subsequent 
signaling. Cell types vary in their susceptibility to activating the apoptotic pathway.

There are two general categories of apoptosis: primed apoptosis and unprimed apoptosis. 9 Primed apoptosis is found in most cell types of hematopoietic lineages, 
where all effector molecules are expressed in the cell. In this situation, the apoptosis program can be executed directly without the requirement of active gene 
transcription. In unprimed apoptosis, active gene transcription is required, and the process occurs more slowly than primed apoptosis. Cells successfully progress 
through one round of the cell cycle but die in the subsequent cycle.

The apoptotic process can be divided into four stages. 10 The first involves the interaction between the environment and the cell to provoke a cellular response (e.g., 
radiation, cytotoxic drugs, growth factor withdrawal, etc.). The second stage involves detection of an apoptotic signal and transduction of that signal to downstream 
events. The third stage is the effector arm of the apoptotic pathway, which involves a family of cysteine proteases (now called caspases) and endonucleases, as well 
as other positive and negative regulators of apoptosis. Recent evidence indicates that most signal transduction pathways converge at a common effector. The final 
stage, corpse disposal, is the phagocytosis and digestion of apoptotic cells by neighboring cells or macrophages.

Apoptosis is closely related to the proliferation status of a cell. Overexpression and activation of genes and proteins related to increased proliferative and cell cycle 
progression lowers the threshold for apoptosis. While apoptosis can occur during any phase of the cell cycle, sensitivity of proliferating cells to various death stimuli is 
usually cell cycle–phase specific. 11 Apoptosis induced by various DNA damaging agents can be affected by the presence or absence of the G 1 checkpoint, which is 
regulated by p53. p53, a tetrameric, sequence-specific DNA-binding phosphoprotein, is the product of a tumor suppressor gene whose mutation represents a genetic 
lesion found in 50% to 55% of all cancers. 12 With p53 present, the cell cycle is generally halted at the G 1-S checkpoint. At this point, cells determine whether to 
continue into the S-phase or initiate the process of apoptosis ( Figure 14.2).13 Passage into the S-phase requires activation of a series of enzymes called 
cyclin-dependent kinases (CDKs) which activate another group of enzymes (the cyclins) required for DNA synthesis. 14 If cellular repair occurs, cyclins are activated. If 
damage is extensive and/or if repair is unsuccessful, the cell is directed toward the apoptotic pathway. The critical factors needed for apoptosis are currently under 
investigation, but some important components have been recognized. At times, loss of functional p53 inhibits the induction of apoptosis by anticancer drugs and 
radiation, and correlates with poor response to chemotherapy. 15 However, p53-independent pathways do exist. Over expression of antiapoptotic genes can render 
cancer cells resistant to drug effects. BCL2 and BCLX1 have the capacity to block apoptosis induction by a wide spectrum of chemotherapeutic drugs. 16 (See Figure 
17.) It is clear that antineoplastic agents provide the initial trigger for initiating the pathway to programmed cell death. However, factors other than the initial interaction 
between a cytotoxic drug and its effector are important in determining whether tumor cell kill occurs.

Resistance to Anticancer Drugs

In the treatment of lung cancer, an initial tumor response with the subsequent growth of cells resistance to chemotherapy is a common clinical occurrence. Cancer 
cells can become resistant to an antineoplastic agent in many ways ( Figure 14.3). In order for a drug to be active, it must: (a) be taken up into a cancer cell, and (b) be 
converted into an active metabolite. It must make its way within the cell to its target without being (c) metabolically inactivated, (d) chemically inactivated, or (e) 
excreted from the cell. Once it interacts with its cellular target, the cell must not be able to (f) alter the target or (g) repair the damage to the target. Finally, (h) 
mechanisms for apoptosis must be in place, as discussed in the preceding section. Examples of drug resistance caused by all of the mechanisms listed above have 
been described.

FIGURE 14.3. Potential pathways for antineoplastic drug disposition within tumor cells. In order for a drug to be effective, the drug, or its active metabolite, must reach 
its target site within the cell. Potential steps in the drug reaching its receptor include: ( 1) uptake into a cell through a particular transport protein; ( 2) enzymatic 
conversation of the drug to its active metabolite; (3) enzymatic conversion of the drug to an inactive metabolite; ( 4) binding of an active metabolite by a cellular protein 
or thiol, thereby inactivating drug; ( 5) excretion of the drug from the cell via an efflux transport pump; (6) alteration in the genetic makeup of the cell, changing the drug 
receptor site or number; (7) changes in the ability of a cell to repair damage of a drug at its receptor. All steps have been shown to be altered in various drug-resistant 
tumor cell lines.



Cancer cell, may become simultaneously resistant to several types of chemotherapeutic drugs. Cells expressing the multidrug resistance (MDR) gene produce a 
glycoprotein of 170 kD weight known as p-glycoprotein or p170. 18 P-glycoprotein is a cell membrane protein that transports several antineoplastic agents across the 
cell membrane. Most p-glycoprotein transported agents are hydrophobic. These include the vinca alkaloids, epipodophyllotoxins, anthracyclines, actinomycin, and 
taxanes. Cells in which the MDR gene is activated develop simultaneous resistance to all of these antineoplastic agents. The presence of p-glycoprotein on tumor 
cells has been correlated with poor prognosis in SCLC. 19 Because of the potential role of MDR in tumor resistance, efforts have been directed at blocking this 
transporter. A number of agents, including analogs of verapamil and cyclosporine, are inhibitors of MDR. Clinical trials of combinations of these inhibitors with 
anticancer drugs have been undertaken. Other resistant cell lines have been identified which do not overexpress p-glycoprotein, but display a similar cross-resistance 
pattern. Some of these lines express a different transport protein called (MRP) multidrug resistance-associated protein. 20 MRP, like p-glycoprotein, is a member of the 
ATP binding cassette gene superfamily. However, MRP is structurally dissimilar to p-glycoprotein, with different inhibitors. The clinical significance of MRP is under 
study but, like p-glycoprotein, its presence in tumor cells may be a prognostic factor.

In summary, tumor cells can develop resistance to one or several antineoplastic drugs by numerous mechanisms. Resistance develops as a result of random 
mutational changes in a population of cancer cells. Mutations to a resistant phenotype are estimated to occur when a mass reaches 10 4 to 106 tumor cells, a size 
smaller than clinically detectable. 20 This suggests that drug-resistant populations will be present in the majority of tumors. It leads to the rationale for: (a) early 
treatment of cancers to avoid multiple resistant populations, and (b) use of multiple agents with differing mechanisms of action.

Toxicity

Antineoplastic agents have the potential for life-threatening toxicity. The therapeutic window for drugs used to treat lung cancer is narrow. Doses of drug needed to 
achieve tumor cell kill commonly result in toxicity to normal tissues. Chemotherapeutic agents may cause a variety of toxicities. Myelosuppression and nausea are the 
most common toxicities seen. Nausea and vomiting, although generally self-limited and not life-threatening, are often considered most distressing by patients. The 
emetogenic potential of antineoplastic agents varies from drug-to-drug and is dose-dependent. 21 Serotonin receptors, located within the vagal and splanchnic nerves 
of the gastrointestinal system, are critical in the initiation of nausea by chemotherapeutic agents. 22 The development of specific type 3 serotonin (5-hydroxytryptamine 
or 5HT3) receptor blockers, such as ondansetron and granisetron, has resulted in major improvement in control of acute chemotherapy-induced emesis. 23 The 
emetogenic potential of chemotherapeutic agents used in lung cancer therapy is indicated in Table 14.1.

TABLE 14.1. EMETOGENIC POTENTIAL OF ANTINEOPLASTIC DRUGS USED FOR TREATMENT OF LUNG CANCER

Myelosuppression is the most common dose-limiting toxicity encountered with antineoplastic agents. The suppression of specific hematopoietic cell lines is 
determined by the kinetics of the cell line in the peripheral compartment. Anemia occurs as a late effect because red blood cells have a long half-life (120 days). 
Thrombocytopenia occurs in an intermediate time frame shortly following granulocyte suppression. The white blood count (WBC) usually drops five to 14 days 
following drug administration, with recovery in three to ten days.

The range of toxicities associated with antineoplastic agents is great ( Table 14.2). Oral,24 renal,25 neurologic,26 hepatic,27 pulmonary,28 cardiac,29 and cutaneous30 
toxicities from anticancer drugs are all seen. Many antineoplastic agents have teratogenic and mutagenic potential. Alkylating agents are the most damaging to 
testicular and ovarian function. Damage is dependent on drug dose, age of patient (the older being more likely to have toxicity), and sex (males greater than 
females).31 Second malignancies (primarily acute leukemia) have been associated with alkylating agents, epipodophyllotoxins, nitrosoureas, and anthracycline. 32,33 
Physicians need to be familiar with the toxicities of the drugs they are using and have support facilities adequate to care for patients developing treatment-related 
toxicity.

TABLE 14.2. TOXICITIES OF ANTINEOPLASTIC AGENTS USED FOR TREATMENT OF LUNG CANCER

GENERAL PRINCIPLES OF LUNG CANCER CHEMOTHERAPY

A physician treating patients with cytotoxic chemotherapy must be certain of the diagnosis (histology is nearly always required). The physician and patient must 
understand the goals of treatment (cure versus palliation). Optimal therapy requires familiarity with individual to be treated, knowledge of the drugs to be used, and 
the availability of appropriate laboratory and hospital support services. The physician should discuss with the patient the natural history of the cancer, the goals, and 
the toxicities of treatment. If cure is the goal, the patient and physician may be willing to tolerate more severe toxicity. The patient must be a partner in such decisions. 
In many cases, several options may be reasonable, and an informed patient can direct the physician as to whether intensive, potentially toxic therapy should be tried 
for a relatively small chance of cure. 34,35

Combination chemotherapy (use of several drugs) is usually employed and multiple cycles of drugs administered to achieve adequate tumor cell kill without 
life-threatening toxicity or the development of tumor cell resistance. Patient selection factors are important in planning treatment. Age alone is not a reason to exclude 
patients from chemotherapy.36,37 However, age-related changes in organ function, including reduced marrow reserve and decreased renal function, are commonly 
seen and may increase the risk of toxicity. The performance status of a patient usually correlates with response to chemotherapy. The nutritional state of a patient is 
important. Malnourished patients with hypoalbuminemia have increased toxicity when highly protein-bound drugs are used. 38 Appropriate dosing guidelines for obese 
patients are not available. 39 Doses based on actual body weight appear appropriate when the goal for therapy is cure, 40 whereas doses based on ideal body weight, 
with potential escalations later, are reasonable when palliation is the intent. Altered organ function may eliminate the opportunity to use certain drugs (e.g., 
doxorubicin in patients with heart failure or bleomycin in patients with severe pulmonary compromise). Drug doses should be modified for decreases in blood counts 



(Table 14.3) and also for changes in renal and hepatic function ( Table 14.4). The patient must be carefully followed for toxicity and response to chemotherapy. It is 
common to reevaluate patients after two to three cycles of chemotherapy to determine treatment effectiveness. If a response is seen, therapy is usually continued for 
a set number of courses or two cycles past a complete response. If tumor progression is noted, therapy should be discontinued. For patients with stable disease, an 
assessment of drug toxicity is important. If therapy is tolerable, a decision to continue treatment is reasonable, with the understanding that disease progression will 
eventually occur.

TABLE 14.3. GENERALIZED DOSE ADJUSTMENT GUIDELINES FOR HEMATOLOGIC TOXICITY

TABLE 14.4. DRUGS COMMONLY USED IN TREATMENT OF LUNG CANCER WHICH REQUIRE DOSE ALTERATIONS FOR ORGAN TOXICITY

PHARMACOLOGY OF CHEMOTHERAPEUTIC AGENTS USED IN THE TREATMENT OF LUNG CANCER

Many antineoplastic agents have been evaluated for treatment of lung cancer. A comprehensive review of all these drugs is beyond the scope of this chapter. Instead, 
this section will focus on the agents most commonly used for the therapy of small cell and non–small cell lung cancer. For each class of drugs, the mechanism of drug 
action, pharmacology, including route of drug elimination, and toxicities will be reviewed.

Alkylating Agents (Cyclophosphamide and Ifosfamide)

Cyclophosphamide and ifosfamide are members of a family of antineoplastic agents whose mechanism of action involves attachment of an alkyl group to DNA. 
Cyclophosphamide has been used for decades for treatment of both small cell and non–small cell lung cancer. Ifosfamide, an analog of cyclophosphamide, has also 
demonstrated activity in both diseases.41,42 Although other alkylating agents are occasionally used for treatment of lung cancers, cyclophosphamide and ifosfamide 
are the primary agents employed, and their pharmacology will be emphasized.

Mechanism of Action. Alkylating agents covalently bind alkyl groups (one or more saturated carbon atoms) to cellular molecules, including DNA, RNA, and proteins. 
Alkylating agents form reactive carbonyl groups which attack at electron-rich sites on adenine or guanine in the DNA molecule. 43 The active metabolites of 
cyclophosphamide and ifosfamide contain two reactive nitrochlorethyl groups, allowing reaction with two strands of DNA, forming cross-linkage ( Figure 14.4). 
Alkylation occurs at the N-7 position of guanine. Alkylating agents are cell cycle nonspecific. Spacing between the nitrochlorethyl groups in cyclophosphamide is 
slightly different from ifosfamide and may result in different cross-linkage sites.

FIGURE 14.4. Mechanism of action of alkylating agents on DNA. Alkylating agents (in this case those with two nitrochlorethyl groups) form reactive intermediates 
which bind to two guanine molecules, resulting in cross-linkage of DNA strands.

Thiols are nucleophilic targets within the cell which can bind alkylating agents before they reach their DNA target. Increasing the concentration of thiols decreases 
antineoplastic drug activity and/or toxicity. Buthione sulfonamide (BSO) decreases synthesis of glutathione (a naturally occurring thiol) and increases drug 
cytotoxicity.44 The radioprotective agent amifostine (WR2721) provides an exogenous nucleophilic thiol that can decrease alkylating agent toxicity. 45

Pharmacology. Cyclophosphamide and ifosfamide require activation via the hepatic cytochrome P450 system to produce 4-hydroxy derivatives which are taken up in 
tumor tissue and undergo further metabolism to form an active mustard metabolite (Figure 14.5). Drugs inducing or inhibiting the microsomal enzyme system, such as 
phenobarbital, can alter the plasma kinetics of cyclophosphamide and its metabolites. However, these kinetic changes do not appear to have any effects on the 
toxicity of this drug. 46 Ifosfamide, a structural analog of cyclophosphamide, has a slightly different metabolite pathway from cyclophosphamide. Less drug is converted 
to a mustard (activated), so higher drug doses are required. 47 Only a small amount of the dichlorethyl metabolite ( Figure 14.5) is formed when cyclophosphamide is 
administered, but this metabolite is generated to a significant extent following ifosfamide administration. The dichlorethyl metabolite likely accounts for the CNS 
toxicity seen with ifosfamide.48 The excretion of reactive acrolein and dichlorethyl metabolites into the bladder following use of either cyclophosphamide or ifosfamide 
can result in cystitis. Mercaptoethane sulfonate (MESNA) is administered in equivalent doses to all patients receiving ifosfamide and to patients receiving high-dose 
cyclophosphamide to prevent cystitis by binding these reactive metabolites. 49 In plasma, MESNA circulates in an inactive dimesna form, so that antineoplastic activity 



of the alkylating agent is not affected.

FIGURE 14.5. Metabolism of cyclophosphamide and ifosfamide: these drugs can be metabolized to the active agents (mustards) or to inactive metabolites. Because 
of the minor structural differences, the rate of formation of different metabolites is different between cyclophosphamide and ifosfamide. Less ifosfamide is converted to 
active metabolite. The dichloro metabolite is formed to a greater extent with ifosfamide.

Toxicity. Marrow suppression occurs in all hematopoietic cells with alkylating agent use. However, a relative platelet and stem cell sparing effect occurs with 
cyclophosphamide.50 Nausea and vomiting are frequent with high doses of alkylating agents but decrease with low-dose oral regimens. Pulmonary fibrosis can be 
seen.51 Bladder toxicity occurs with ifosfamide and cyclophosphamide. Renal toxicity has been reported with ifosfamide. 52 As previously mentioned, ifosfamide is 
associated with CNS toxicity (somnolence, confusion), particularly at high doses in patients with low serum albumin (less than 3g per dl) or high serum creatinine 
(more than 1.5 mg per dl).53 Cyclophosphamide and ifosfamide, like all alkylating agents, are teratogenic and carcinogenic. Gonadal atrophy and permanent loss of 
reproductive function can occur.54

Platinum Analogs (Cisplatin, Carboplatin)

Mechanisms of Action.  Cisplatin, carboplatin, and the investigational agent oxalloplatin are heavy-metal complexes that induce tumor cell kill by cross-linking DNA 
strands in a manner analogous to the alkylating agents. Reactive aquated platinum intermediates are formed within cells that directly and covalently bind to DNA, 
leading to DNA cross-links55 (Figure 14.6). Cisplatin is more reactive in water than carboplatin. Chloride-containing solutions are required to stabilize cisplatin. The 
difference in aqueous stability between the various platinum analogs results in differences in each agent's pharmacokinetics and toxicity.

FIGURE 14.6. A schematic representation of cellular DNA showing covalently bonded cross-links from a cisplatin inhibiting the progress of DNA replication.

Pharmacology. Cisplatin and carboplatin are the only two platinum analogs currently used for treatment of lung cancer. Their pharmacology differs significantly. 
Cisplatin more rapidly forms reactive intermediates in plasma. Over 90% of cisplatin is protein-bound and inactivated within two to four hours. 56 Thus protein-binding 
represents the major route of drug elimination. Only the free (unbound) platinum species are cytotoxic. 57 Carboplatin is less reactive, with only 20% to 40% of total 
platinum protein-bound at two hours following drug administration. Renal excretion is the primary route of carboplatinum elimination (70% of total carboplatin 
clearance). Carboplatin clearance is highly correlated with creatinine clearance. 58 Carboplatinum doses should be calculated based on an individual patient's 
creatinine clearance 59 rather than based on body weight or body surface area (BSA). 60

Toxicity. The toxicity profiles of cisplatin and carboplatin differ. 61 Myelosuppression is rare with cisplatin, although moderate anemia is common. Nausea and vomiting 
are common cisplatin toxicities, but the frequency of emesis can be reduced with pretreatment use of dexamethasone (Decadron) and serotonin antagonists. 62 
Nephrotoxicity, represented by azotemia and electrolyte disturbances (primarily hypokalemenia and hypomagnesemia), is dose-related. Although pre- and 
posttreatment hydration (with chloride-containing solutions) and diuresis reduce the incidence and severity of cisplatin nephrotoxicity, moderate and permanent 
reductions in GFR may still occur. 63 Neurotoxicity from cisplatin is cumulatively dose-related and usually begins as a “stocking-glove” type peripheral neuropathy. 
Hearing loss, cortical blindness, and seizures have also been reported. The toxicity profile of carboplatin is different from that of cisplatin, with dose-limiting 
myelosuppression (primarily thrombocytopenia) being the major toxicity, following carboplatin administration. 64 The renal, neurologic, and oto-toxicities noted with 
cisplatin are infrequent occurrences after carboplatin administration. 65 Dose reductions of carboplatin must be made in patients with impaired renal function. Several 
formulas are available for calculating dose adjustments, based on creatinine clearance and desired nadir platelet count. 59,60

MICROTUBULAR INHIBITORS (Vincristine, Vinblastine, Vinorelbine, Paclitaxel, Docetaxel)

Several drugs initiate apoptosis through interactions with microtubulin, the protein used to form the mitotic spindle apparatus. The vinca alkaloids block the formation 
of microtubulin, while the taxanes increase assembly and stability of microtubulin.

Vinca Alkaloids (Vinblastine, Vincristine, and Vinorelbine)

Mechanism of Action. Several vinca alkaloids have been synthesized and evaluated preclinically. Three, vinblastine, vincristine and vinorelbine, are clinically 
available. All bind to tubulin and inhibit the formation of microtubulin, a protein that is essential for maintenance of cellular shape and for formation of the mitotic 
spindle.66 Cells treated with vinca alkaloids are arrested in metaphase. Differences in activity and toxicity of the vinca alkaloids result from variations in their 
pharmacokinetic properties, differential effects on various tubulin isoforms, and upon differences in tissue penetration and cellular retention. 67 Resistance results from 
the presence of p-glycoprotein or reduced tubulin-binding within tumor cells.

Pharmacology. All vincas are rapidly taken up into cells. However, the individual agents differ in their cellular retention (vinblastine greater than vincristine). All 
vincas are extensively bound to tissues and to protein. 68 Their terminal half-lives are long (20 to 60 hours). The vinca alkaloids are metabolized by the liver and 
excreted into the bile. Doses need to be reduced for hepatic dysfunction but not for renal insufficiency. Specific dose-reduction guidelines for hepatic function 
impairment are not available.

Toxicity. Vincristine causes little myelosuppression. Neurotoxicity occurs frequently and is dose-limiting. 69 It commonly presents as a symmetric, distal, sensory-motor 
neuropathy. Loss of deep tendon reflexes in the lower extremities and paresthesias of the fingers and toes are common early findings. Foot-drop or wrist-drop, 



neuropathies of cranial nerves, constipation, cramps, and paralytic ileus have been reported. The dose-limiting toxicity of vinblastine is hematopoietic. 70 The onset of 
myelosuppression occurs earlier with this agent than with other antineoplastics. Severe neurotoxic symptoms are unusual with vinblastine, but use of the drug is 
associated with myalgias and an autonomic neuropathy manifested by orthostatic hypotension or paralytic ileus. Vinorelbine shows toxicities similar to other vincas. 
Its dose-limiting toxicity is myelosuppression. Although the incidence of grade 3 to 4 neutropenia is high (60%), only 7% of patients develop neutropenia fever. 
Nonhematologic toxicity from vinorelbine is generally mild in severity. Constipation (30%), neuropathy (20%, severe in less than 1%) and nausea (grade 3 to 4 in 2%) 
are seen.71 Vinca alkaloids are vesicants and need to be given with care.

Taxanes (Paclitaxel and Docetaxel)

Mechanism of Action. Paclitaxel and docetaxel bind to a unique site on microtubulin, resulting in increased microtubulin assembly and stabilization. 72 The bundling 
of microtubules induced by the taxanes blocks cells in metaphase and induces apoptosis. The taxanes have activity against most lung cancers. 73 They are also potent 
radiation sensitizers. Although both taxanes bind to the same site on the b subunit of tubulin, docetaxel produces microtubules of larger size. Docetaxel is also more 
avidly taken up by cells and is two to three times more potent than paclitaxel. 74 Paclitaxel and docetaxel are not cross-resistant.

Pharmacology. Paclitaxel is primarily cleared from the body by hepatic metabolism via cytochrome P450 2C8 and 3A4 enzymes. 75 This route of elimination can be 
saturated so that nonlinear kinetics are noted ( Figure 14.7).76 A 30% increase in drug dose (from 135 to 175 mg per m2) results in an increased plasma drug 
concentration of 75%.77 Docetaxel is also metabolized by the hepatic microsomal enzyme system (predominantly CYP3A4). In contrast to paclitaxel, docetaxel 
exhibits linear kinetics. It has been postulated that the vehicle in which paclitaxel is dissolved (Cremophor EL) accounts for nonlinear paclitaxel kinetics by inhibiting 
hepatic drug excretion.78 Drugs that inhibit CYP3A or CYP2C8 may inhibit the clearance of the taxanes. 79 Several drug interactions have been identified when 
paclitaxel is used. If cisplatin is given before paclitaxel, delayed paclitaxel clearance is noted, with increased neutropenia. In contrast, the combined use of carboplatin 
and paclitaxel results in decreased thrombocytopenia. Anticonvulsants and steroids increase paclitaxel clearance. 79 No drug interactions have been clearly 
demonstrated with docetaxel. Because of their extensive hepatic metabolism, dose reductions of both paclitaxel and docetaxel are needed in patients with 
hyperbilirubinemia.

FIGURE 14.7. Plot of the area under the concentration time curve (AUC) of paclitaxel plotted against the dose of drug given as a three-hour infusion.

Toxicity. Myelosuppression is the principle toxicity of both paclitaxel and docetaxel. Longer infusion of paclitaxel produces greater neutropenia than shorter 
infusions.74 Hypersensitivity reactions (dyspnea, urticaria, and hypotension) were seen in 25% of patients initially treated with paclitaxel. 80 With prophylactic use of 
decadron and antihistamines, these reactions are uncommon (1%). Paclitaxel induces a peripheral neuropathy. Nausea and vomiting are uncommon but alopecia is 
seen. Docetaxel induces edema formation and an erythematous maculopapular rash in up to 60% of patients. 81 A syndrome of cumulative fluid retention (pleural 
effusions, edema) is also an effect unique to docetaxel, occurring in half of patients at cumulative doses of 400 mg per m. 2 Fluid retention can be treated with 
prophylactic steroid therapy. A dose-related syndrome of myalgias and arthralgias is seen 24 to 72 hours after paclitaxel but not with docetaxel. The combined use of 
paclitaxel and doxorubicin results in an increased rate of congestive heart failure. 82

Topoisomerase Inhibitors (Etoposide, Doxorubicin, Irinotecan, and Topotecan)

Mechanism of Action. Topoisomerase II (topo II) normally functions within the cell to carry out necessary breakage-reunion reactions of mammalian DNA. 83 
Etoposide, an epipodophyllotoxin, and doxorubicin, an anthracycline, bind with topo II and DNA to form a stabilized cleavable complex inhibiting the enzyme's ability 
to relegate cleaved DNA (Figure 14.8).84,85 Irinotecan (CPT-11) and topotecan are anticancer agents that inhibit the activity of topoisomerase I, a separate enzyme 
also important in maintaining DNA structure. Topoisomerase I functions in a manner similar to topo II to help unwind supercoiled DNA. 86 Unlike topo II, topo I is 
expressed at relatively constant levels throughout the cell cycle. 87 It is hoped that topoisomerase I inhibitors may therefore be more active in tumors with low growth 
fractions. Topo I results in single-strand DNA breaks, while topo II can cause double-stranded breaks. The activity of topoisomerase inhibitors appears to be 
schedule-dependent.88

FIGURE 14.8. The catalytic cycle of topoisomerase II. Dimeric topoisomerase II binds to DNA. In the presence of magnesium and ATP, an intact DNA helix can pass 
through a temporary break in DNA with subsequent relegation. Etoposide and doxorubicin block the cycle at the stage of DNA cleavage.

Pharmacology. While the four topoisomerase agents have similar mechanisms of action, the pharmacology and toxicities of these agents differ significantly.

Etoposide can be given by both intravenous and oral routes. Oral bioavailability ranges from 40% to 70%, with significant interpatient variability. 89 Bioavailability 
decreases at doses greater than 300 mg. Etoposide is highly protein-bound. One third of drug is excreted intact into the urine, and 40% undergoes hepatic 
metabolism. Obstructive jaundice does not alter the clearance of etoposide. 90 Etoposide is poorly soluble in water and can precipitate in solution if not adequately 
diluted. It must be given as a one-hour infusion to avoid hypersensitivity reactions. Etoposide phosphate (Etopophos) is a water-soluble prodrug of etoposide which 
can be given as a rapid intravenous infusion. 91

Doxorubicin (Adriamycin) is metabolized in the liver to its alcohol metabolite (doxorubincinol) and excreted into the bile. 92 Dose reductions in patients with hepatic 
function impairment are recommended. Specific guidelines as to appropriate dosing schedules are lacking. 93 Urinary excretion of doxorubicin is minimal. Use of 
paclitaxel prior to doxorubicin decreases doxorubicin clearance and increases its toxicity. 94



Irinotecan is a prodrug that is rapidly converted through carboxylesterases to the active metabolite SN38 (7-ethyl-10 hydroxycamptothecin) ( Figure 14.9). Both 
irinotecan and SN38 exist in open and closed lactone ring forms in the plasma, with the closed form being active. 95 SN38 is inactivated via glucuronidation. Irinotecan 
and metabolites are primarily cleared by biliary excretion. Renal excretion accounts for 10% to 35% of drug clearance. Formal recommendations for dosing in patients 
with renal or hepatic function impairment have not been made, but patients with hyperbilirubinemia appear to at increased risk of myelosuppressive toxicity. 96 
Decreased ability to conjugate SN38 may correlate with gastrointestinal toxicity. 97

FIGURE 14.9. Metabolism of irinotecan. Parent drug is converted to an active metabolite (SN-38) through action of carboxylesterase enzymes. Hepatic metabolism 
via the hepatic cytochrome system (CYP3A4) or glucuronosyltransterase (GT) converts drug to inactive metabolites.

Topotecan also exists in open and closed lactone ring forms. Elimination of topotecan is primarily through the kidneys (30% to 65% of drug). 98 Dose reductions are 
recommended for patients with renal insufficiency (creatinine clearance less than 20 ml per min: no treatment; 20 to 40 ml per min: 50% dose reduction). 99 No dosing 
changes appear needed for patients with liver function impairment, although the number of patient studied is small. 100

Toxicities. Common etoposide toxicities include bone marrow suppression, mild nausea, and hair loss. 101,102 Myelosuppression is the dose-limiting toxicity. At doses 
of 100 mg per m2 per day for 3 days, 8% of patients develop a WBC nadir below 1000 per mm. 3 An allergic reaction to drug administration, manifested by 
hypertension, wheezing, fever, and dyspnea, may occur when etoposide is given over periods shorter than one hour. This reaction may be related to the solvents 
needed to solubilize etoposide. Development of acute nonlymphocytic leukemia (ANNL) in patients treated with either etoposide or teniposide has been reported by 
several centers.103,104 The leukemia is associated with cytogenetic abnormalities involving chromosome 11 (11q23). The six-year risk of developing leukemia in 
patients receiving high cumulative etoposide doses appears to be roughly 3%. Common doxorubicin toxicities include bone marrow suppression, mucositis, alopecia, 
and cardiac toxicity.105,106 Myelosuppression and mucositis follow an acute course, with the maximum toxicity occurring seven to ten days after drug administration. 
The cardiac toxicity induced by anthracycline antibiotics can be manifested in both acute and chronic forms. 106 The mechanism of myocardial toxicity is thought to be 
drug-induced oxidative damage caused by free-radical generation. The risk of developing congestive heart failure is greater with increasing cumulative drug dose, 
increasing age, underlying cardiac disease, high peak plasma concentrations, and previous or concurrent cardiac irradiation. 107 High peak plasma drug 
concentrations induce greater free-radical formation. Therefore lower, more frequent drug doses result in less potential for development of heart failure. For 
doxorubicin, the most commonly used total dose limit is 550 mg per m.2,108 At this cumulative dose, the risk of clinical cardiac toxicity is 3% to 7%. Heart failure can 
occur months to years after discontinuing treatment.109 Dexrazoxane (Zinecard, ICRF-187) is an iron chelator that blocks the generation of free radicals from 
anthracyclines. It has been shown to prevent cardiac toxicity without altering antitumor activity. 110 Extravasation of the anthracycline antibiotics can lead to severe 
local tissue damage, which can progress over weeks to months. Administration of doxorubicin can result in recall of radiation-associated tissue damage, such as skin 
erythema, mucositis, and esophagitis.

Diarrhea and myelosuppression are the primary toxicities associated with irinotecan use. Administration of drug on an every three-week schedule produces more 
myelosuppression, while weekly treatment results in greater diarrhea. 111 Although neutropenia is common with irinotecan, other hematologic toxicities are generally 
mild, with only a minority of patients developing significant (grade 3 to 4) thrombocytopenia (4%) or anemia (16%). Irinotecan is associated with two forms of diarrhea. 
The first type occurs during or just after the infusion of irinotecan and has a cholinergic mechanism. The use of atropine at the onset of this diarrhea is effective. The 
second type of diarrhea begins three to five days after the infusion of irinotecan and may be moderate to severe in 20% of patients. Aggressive treatment with 
antimotility agents at the onset of the diarrhea (loperamide given at a dose of 4 mg at the time of first loose stool, then 2 mg every two hours until no bowel 
movements for 12 hours) may obviate the severity of the diarrhea.112 If the diarrhea is not treated early, it usually runs a 5 to 7-day course. The mechanism for 
development of diarrhea is unknown but may be secondary to the biliary excretion of the active metabolite SN-38. 97 In addition to dose-limiting myelosuppression and 
diarrhea, other toxicities reported with irinotecan include alopecia, transaminasemia, and malaise. 95 The dose-limiting toxicities of topotecan are neutropenia and 
thrombocytopenia, usually short-lived (less than seven days). Heavily pretreated patients have more severe myelosuppression and may need a dose reduction. 113 
Nausea is mild. Diarrhea is uncommon except after oral drug use. 114 Other nonhematologic toxicity includes mucositis, alopecia, skin rash, and fever, all mild. 98

Antimetabolites (Gemcitabine)

Most antimetabolite antineoplastic agents are ineffective in the treatment of lung cancer. The primary exception is gemcitabine [2'-deoxy-2', 2'-difluorocytidine 
monohydrochoride; dFdC] which has shown significant activity in the treatment of NSCLC.

Mechanism of Action. Gemcitabine is an analog of deoxycytidine ( Figure 14.10). It is a prodrug which is taken up into the cell and phosphoylated to gemcitabine di- 
and triphosphates, which are the active metabolites. 115 When gemcitabine triphosphate is incorporated into the DNA chain, DNA polymerase can add only a single 
additional nucleotide, after which chain elongation is terminated. Importantly, gemcitabine triphosphate in the nonterminal position DNA chain prevents detection and 
“repair” by proofreading exonucleases. 116 Additional effects of gemcitabine di- and triphosphates include inhibition of ribonucleotide reductase depleting 
deoxyribonucleotide pools available for DNA repair. 117

FIGURE 14.10. Chemical structures of gemcitabine and deoxycytidine.

Pharmacology. Plasma concentrations of gemcitabine generally reach a plateau 15 minutes after a 30-minute infusion. There is a linear relationship between the 
steady-state concentration of gemcitabine and dose up to 1,000 mg per m. 2118 Plasma protein-binding is negligible. Gemcitabine is inactivated by several aytidine 
deaminase in organs (blood, aytidine deaminase in liver, kidneys) so that its half-life is short (32–94 minutes). 119 Almost all administered drug is excreted in the urine 



as the inactive metabolite 2 deoxy-2, 2-difluorouridine. 120 No dose adjustments are needed for liver or hepatic insufficiency. Gemcitabine undergoes intracellular 
metabolism to the mono-, di- and triphosphate moieties; these metabolites are not found in plasma or urine.

Toxicity. The primary toxicity of gemcitabine is myelosuppression. At an average dose of 1000 mg per m 2 given weekly for 3 weeks each month, 4% of patients have 
grade 4 neutropenia and 2% grade 4 thrombocytopenia. 118,119 Elevation in hepatic transaninases and alkaline phosphatase is frequently seen (10% of patients), but 
usually is transient and modest. Nausea and vomiting (all grades) are seen in many patients (70%), but are severe in only occasional patients (grade 3: 13%; grade 4: 
1%).120 Other reported toxicities include fever, rash, dyspnea, and hematuria. 121,122 Gemcitabine is not a vesicant.
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Combinations of chemotherapy and radiotherapy have been used and investigated in the treatment of human cancers for more than 30 years. During this time, clinical 
and laboratory investigations have become increasingly complex because the understanding of interactions and mechanisms have improved. Basic clinical 
observations have been critically important; for example, when local treatment such as radiotherapy was given successfully for apparently localized intrathoracic 
disease, systemic relapse was still seen to occur in a significant proportion of patients despite the maintenance of local control. Likewise, chemotherapy, which 
produced good responses in metastatic disease, particularly in the lymphomas, could not prevent relapse in sites of initial bulk disease. The potential advantages of 
combining modalities were obvious from early days.

The main context in which to consider chemotherapy–radiotherapy interactions in non–small cell lung cancer (NSCLC) is in locally advanced stage III disease, where 
until the last decade, radiation therapy and surgery have played the major roles. In contrast, chemotherapy has been the cornerstone of treatment for small cell lung 
cancer (SCLC) with the issues of thoracic radiotherapy and prophylactic cranial irradiation in limited-stage disease becoming increasingly important over the last two 
decades.

Radiation therapy has developed markedly over the last century, and optimal fractionation schedules continue to be sought, alongside the improvements in its 
technical and conformal application. Chemotherapy has, over the last 40 years, mushroomed in its complexity of combinations and integration of new compounds. The 
outlook for patients with SCLC has changed considerably in recent decades because of well-structured clinical trials designed to reveal the optimal combinations of 
chemoradiation, and is one of the many examples of progress in this field to date. On the other hand, progress in the treatment of NSCLC has made more modest 
gains. Local control has been hard to improve, and impacts of systemic therapy on survival have only been modest in comparison. Despite this progress treatment 
results in both major types of lung cancer are still poor overall, although recent developments do allow significant optimism. Progress is being made, and with 
improved understandings of combined modality therapy at the molecular, cellular, and clinical levels, not only can clinical trial protocols be better designed, but of 
course, better outcomes, can also be realized for patients with small cell and non–small cell lung carcinomas.

BASIC CONCEPTS

When radiation therapy and chemotherapy are combined, the therapeutic result can be improved over single modality treatment by one or more theoretical means. 
They can contribute independently of each other (spatial cooperation); they can improve primary tumor response without increasing toxicity beyond tolerance; or they 
can decrease normal tissue toxicities without changing tumor response, thereby allowing increased doses or the addition of other anticancer agents. Two key 
considerations in any combination of radiotherapy and chemotherapy are doses and timing, relative to each other. If radiotherapy is given first, tumor bulk is likely to 
shrink, which would theoretically allow better drug distribution. It is also recognized clinically that chemotherapy is better able to achieve a sustainable response when 
small bulk of disease is present; however, giving radiotherapy first delays systemic therapy and may allow metastases to grow, making them subsequently less likely 
to be eliminated by chemotherapy. If chemotherapy is given first, it will theoretically tackle micrometastases at the earliest possible opportunity, thereby giving the 
best chance of elimination. However, delaying definitive management of the primary tumor can also be detrimental. Whatever way these many possible interactions 
are viewed, it is vital to be clear about definitions.

Definition of Terms

Having clear definitions is fundamental to the discussion of any complex interaction. 1 Terms that have been used previously in the context of chemoradiation include 
synergy, to describe an additive effect. This term does not clarify whether the synergistic combination resulted in an effect that was equal to the sum of the individual 
chemotherapy and radiotherapy effects, or whether it was in fact equivalent to slightly more or slightly less than the sum. The term synergy is often used to mean an 
effect greater than the sum of the individual effects. In addition, it is necessary to try and differentiate the sensitization of one modality by the other, from the simple 
cooperation of geographically remote effects of each modality.

Therapeutic Ratio and Dose Effects

Radiotherapy and chemotherapy in vivo unfortunately cannot treat cancer cells exclusively but will inevitably affect normal cells and tissues. During a course of 
radiotherapy, the target volume and beam arrangements are designed to maximize dose to tumor, while keeping dose to surrounding normal tissues as low as 
possible. Typically, for lung cancers, the dose-limiting factor is normal tissue tolerances to the adjacent normal lung, esophagus, and less commonly heart. Similarly 
with chemotherapy, the ability of normal tissues, principally bone marrow, to recover in relation to the rate of tumor regrowth again determines maximum tolerated 
doses. With certain drugs, such as the platinum analogs, there may be enhanced acute normal tissue toxicities, such as esophageal mucositis, when used 
concomitantly with thoracic irradiation. The therapeutic ratio is therefore defined as the ratio of effect(s) of any given intervention on tumor tissue to its effect(s) on 
normal tissues. Manipulation of treatment strategies is aimed at improving the therapeutic ratio. It should also be noted that a combination of treatments, in some 
circumstances, can improve therapeutic outcome without necessarily improving the therapeutic ratio.

In terms of combined modality therapy (CMT), the therapeutic ratio can be calculated using the concept of dose-effect factor (DEF).2 The DEF is the ratio of radiation 
dose required for a given effect to the radiation dose required with chemotherapy to cause the same effect, and can be applied to effect on both tumor or on normal 
tissues. Thus the therapeutic ratio can be improved by either an increase in DEF for tumor with no change in DEF for normal tissue, or by no change in DEF for tumor 
and a decrease in DEF for normal tissue.

Spatial Cooperation

The concept of spatial cooperation was first described by Steel and Peckham,3 and relates to situations where the effects of chemotherapy and radiotherapy are 
thought to be anatomically independent. Ideally, their combined toxicity is also independent, but in reality this does not always follow. An example of spatial 
cooperation is seen in SCLC, where prophylactic cranial irradiation is used to treat a common site of spread that chemotherapy does not reach because of the 



blood–brain barrier. In this type of beneficial combination, a physical interaction between the two modalities is not required to obtain an overall therapeutic benefit.

Enhancement

Enhancement is a global term for an increased cell-killing effect and should be used when it is not possible to be more precise. If the effect of combined 
chemoradiation is equal to the sum of the individual effects, then it is considered to be additive. If the combined effect is greater than the sum, then it is supraadditive. 
If it is less than the sum, but greater than the more effective single modality, then it is subadditive. If one of the two agents does not have an effect on its own, then it 
causes a sensitizing effect. Enhancement is seen to occur with intrathoracic radiotherapy plus combination chemotherapy, again in the CMT of SCLC and to a lesser 
extent, in the current combined modality treatment of NSCLC.

Diminution

In contrast, diminution implies reduction of overall effect. When the combined effect is less than that seen with the more effective single modality, then it constitutes 
inhibition. When it is not as effective as the less active single modality, then it is antagonism. When one of the agents is not active against the disease by itself, such 
as ethylol, then protection is used to describe the combined effect as it relates to a reduction of normal tissue toxicity, such as esophagitis.

How to accurately quantify these different combinations of effects remains difficult, although Steel and Peckham have described the important concept of isobologram 
analysis, in which “envelopes of additivity” are constructed. 3 These, however, only apply when the unimodal dose-response curves are close to linear. There are many 
known variables, such as the radiation fractionation, the time interval for combined modality therapy, and tumor cell kinetics, which unfortunately make this method not 
universally applicable.

Mechanisms of Interaction

Cellular damage by radiation is thought to be caused by direct photon “hits” on cellular DNA, and indirectly by free radical formation causing subsequent DNA 
damage. It is plausible that cytotoxic chemicals could interfere with the radiation reaction at this level by perhaps stabilizing free radicals, by enzyme inhibition, or by 
physically altering the molecular target for effective cell kill by radiation. The cell survival curves of megavoltage radiation for different cell lines are all remarkably 
similar, with a shoulder at the low-dose range and a log-linear exponential progression at higher doses. At lower doses, greater potential exists for DNA repair, or 
sublethal damage repair (SLDR), and the intrinsic repair capacity of the specific cellular DNA irradiated determines the initial slope of the curve. Chemotherapy may, 
by whatever means, cause inhibition of SLDR, or potentially lethal damage repair (PLDR), and in fact this action is predominantly implicated. These functionally 
defined repair processes are thought to represent the repair of single- and double-stranded DNA breaks, which occur in the first few hours after irradiation. Radiation 
could, of course, also inhibit the cellular repair processes activated following chemotherapy-induced damage. A more complete understanding of radiation damage 
and repair pathways, as currently understood, is reviewed recently (see also Chapter 12, Chapter 13).4

Other important radiobiologic components of fractionated radiation therapy include the phenomena of repopulation, redistribution, and reoxygenation. Repopulation 
results from continued cell division, and in some experimental tumor models it has been shown to accelerate after 2 to 3 weeks of treatment. Redistribution occurs 
because of varying sensitivity of cells in relation to the cell cycle, which can lead to recruitment of more cells out of the resting (Go) phase and thus a buildup of cells 
in any one part of the cell cycle. For example, one of the known actions of hydroxyurea is a G1/S-phase block, which could conceivably cause accumulation of cells 
by redistribution into a radiosensitive part of the cell cycle, thus enhancing the overall killing effect. By this mechanism, reduction of accelerated proliferation might 
also be induced, causing an enhanced radiation effect.

The mechanisms of reoxygenation are not clearly understood, but are probably caused in part by cell loss and improved vascular supply to acutely or chronically 
hypoxic cells. Chemotherapy could alter the proportion of oxygenated cells in the radiotherapy portal, thereby altering its effectiveness. Likewise, radiotherapy almost 
certainly causes improved blood supply and drug delivery to an area, if given prior to chemotherapy.

Whatever way the combination of drug(s) and radiation interact at a molecular or cellular level, clear evidence exists that bulk of tumor tissue plays an important role. 
This correlation is in part related to reoxygenation but also to improved blood supply, revascularisation, and drug delivery.

These concepts are some of the mechanisms that form the theoretical basis of interaction. Many other factors further complicate and influence these mechanisms to 
varying degrees, such as the specific chemotherapy drug or combination of drugs, drug doses, drug dose scheduling, radiotherapy fractionation scheme, radiation 
dose-per-fraction, overall radiation dose, radiation dose rate, and timing of chemoradiotherapy. In addition, the key to benefiting patients lies in the difference between 
what happens in normal tissues compared to tumor tissues. Dose-responses and timing are discussed in the next two sections.

Dose-Response Relationships

Much work has been done on dose-response for radiation and chemotherapy drugs, both on different tumor types and on different normal tissues. Underlying this 
work is the definition of cell survival, which is that the cell is able to retain its proliferative capacity for approximately five or six cell divisions; that is, clonogenic 
survival.

Radiotherapy Dose-Response

Survival curves for radiotherapy are similar in shape for different tissues and tumors. The shoulder, as discussed previously, is in the lower dose range and is thought 
to represent the ability of the cells to repair sublethal damage. When radiotherapy is fractionated, this phenomenon helps to increase the therapeutic ratio because of 
the intrinsic difference in SLDR capacity of tumor and normal tissue. Several representative mathematical models have been proposed over the years, the most widely 
and currently accepted being the linear-quadratic (LQ) model. This model allows for the theory of ionizing radiation either causing a single, lethal, chromosomal 
double-stranded break (alpha or linear interaction), or causing a sublethal, single-stranded break, in which case more than one is required to produce cell death (beta 
or quadratic component). On experimentally plotting survival curves for all the different normal tissues, it became apparent that there were basically two quite different 
types of normal tissue responders—early and late. The early-responding tissues, such as skin, bone marrow, and gastrointestinal mucosa, were noted to be tissues 
with a rapid cell turnover, and late-responding tissues, such as central nervous system, kidney, or lung, were noted to have a slow normal cell turnover rate. Tumor 
tissue was seen to act more like acute-responding normal tissues. The effects of increasing dose to tumor and to different types of normal tissue must be appreciated 
if the potential therapeutic effects of combined modality therapy are to be optimized.

Dose-response to radiotherapy is well documented clinically. One of the interesting questions often asked is in relation to how much more benefit could potentially be 
achieved by increasing the dose any further than is already achieved at standard dose. The standard dose represents the highest or most effective dose that can 
currently be given within the context of acceptable normal tissue toxicities. The only ways of further escalating the radiation dose to tumor, relative to normal tissues, 
would be by using more technical/conformal-based approaches, or by applying in vivo modulators (such as radioprotectors/radiosensitizers), both of which have their 
potential advantages and disadvantages. A recent Radiation Therapy Oncology Group (RTOG) study of hyperfractionated radiotherapy compared dose levels in 
NSCLC, and was able to indicate a dose above which no additional benefit was achieved. 5 Once a maximum radiation dose-tumor response relationship is 
established, then alternative approaches must be pursued.

The total radiation dose and radiobiologic dose must also be considered. For example, a total dose of 52.4Gy given over 20 daily fractions (262cGy per fraction) is 
considered to be radiobiologically equivalent to a total dose of 64Gy given over 32 daily fractions (200cGy per fraction), in terms of tumor cell kill. In this comparison, 
the higher dose per fraction regimen can cause worse late-normal tissue toxicities, even though the total dose is lower. The current development of altered 
fractionation schedules is based on radiobiologic data (both laboratory and clinical) suggesting ways of increasing the differential between tumor and normal tissue 
responses. In a hyperfractionated schedule, the total number of fractions is increased without altering overall treatment time, thereby allowing for an increased total 
dose but necessitating a reduced dose per fraction because of enhanced toxicity. In an accelerated fractionation schedule, the overall treatment time is shortened, 
with total dose, number of fractions, and dose per fraction being unchanged or slightly reduced. These factors are important when considering the addition of 
chemotherapy.

Chemotherapy Dose-Response



Survival curves for chemotherapy agents vary widely for different tissues. 6 They also vary depending on dose of drug, whether single or combination therapy is used, 
and whether a single administration or multiple administrations are given. If multiple administrations are given, the interval time and individual drug doses, plus any 
interaction, all participate in affecting overall response. In addition, the pharmacokinetic properties of individual drugs are extremely important in determining 
bioavailability, which is often further altered at the tumor site by factors such as heterogeneous tumor blood flow. Sanctuary sites, such as the central nervous system, 
and drug resistance are other reasons for chemotherapy failure, which simply increasing dose will not overcome.

An abundance of evidence supports the theory that increasing the dose results in increases in tumor response. However, two distinct categories of dose-escalation 
characteristics have been recognized: A dose-response survival curve, which levels off in the higher range (e.g., vinca alkaloids and methotrexate) and the classical 
log-linear dose-response curve, which continues indefinitely (e.g., alkylating agents). In recent years, the limiting factor for the latter (i.e., bone marrow toxicity) has 
been partially breached by the development of peripheral blood stem cell transplantation. It is now the other dose-limiting toxicities, such as gastrointestinal, 
pulmonary, or neurological toxicities, that continue to produce the barriers to any further dose escalation.

Mechanisms of Cell Death

As can be implicated by the preceding definition of cell survival (i.e., clonogenic or reproductive survival) the converse definition applies to the process of mitotic cell 
death (i.e., cells that are unable to sustain proliferation beyond one or a few cell divisions). This reaction occurs as a direct result of injury, whether through radiation, 
cytotoxic chemicals, heat, or other physical insults. DNA degradation occurs late, after cytoplasm and membrane breakdown. In contrast, programmed cell death or 
apoptosis is a normal physiological two-phase process involving the formation of microscopically recognizable apoptotic bodies, and occurs regularly in vivo. 
Characteristically, DNA degradation occurs first, followed by degeneration of the rest of the cell and subsequent loss of membrane integrity. This process is 
responsible for such natural events as tissue involution during embryonic development, or as part of the renewal process during regeneration of the gastrointestinal 
tract lining, and has been identified within tumors as well. Less than 20 years ago, radiation-induced apoptosis was also described, although it is thought to represent 
only a fraction of all radiation-induced cell death. It has nonetheless become an important line of investigation because the genes and proteins associated with 
controlling apoptosis become obvious potential targets for therapy. 4

Timing of Radiation and Chemotherapy

In CMT, clearly the decision about sequencing is a key aspect to achieving optimal therapeutic benefit. Experimentally, the effectiveness can vary dramatically with 
timing of chemotherapy administration relative to irradiation, as has been illustrated by the varying times of maximum and minimum cell kill in intestinal crypt cells. 2 
Hill and colleagues have also demonstrated that initial in vitro exposure of mammalian tumor cell lines to fractionated radiotherapy significantly alters their 
drug-response patterns, but prior exposure to chemotherapy does not generally alter radiation response. 7 The individual variation of different drugs might well prove 
to be of value, as will be discussed later when considering resistance and strategies.

Sequencing can be considered to fall into three major categories, as follows:

Neoadjuvant (Remote or Sequential)

The term neoadjuvant is used to describe upfront chemotherapy, prior to definitive management of the primary site by radiotherapy (or surgery). Advantages of this 
approach include the earliest possible treatment of micrometastases at a time when metastatic burden is lowest, and causing reduction of primary tumor size with 
possible elimination of radioresistant subclones. On the other hand, delaying definitive management of the primary site may allow chemotherapy-resistant clones to 
metastasize, which would otherwise have been dealt with by radiotherapy (or surgery) before becoming able to spread. This method may also increase proliferation of 
the primary tumor, thereby causing enhancement of its growth during fractionated radiotherapy.

Remote refers to a common practice in the community setting, where a planned break occurs between modalities to allow for normal tissue recovery. In these 
circumstances, both modalities can be given in full, independent of dose, making the most of the individual dose-response relationships and taking advantage of 
spatial cooperation. However, any interaction or possible benefit from enhancement at the primary site is minimized. In sequential treatments, radiotherapy is started 
within a few days of completion of chemotherapy. Although this method improves direct interaction at the primary site, it clearly also increases toxicity, which may 
ultimately prove to be a limiting factor in this neoadjuvant approach.

Concurrent (Including Alternating)

Simultaneous administration of chemotherapy during a course of fractionated radiation therapy has undoubtedly proven itself to be the optimal combination to date in 
certain situations, most notably in the management of various gastrointestinal cancers, where the important advantage over resection is organ preservation. In other 
circumstances, maximization of primary tumor response by this method often asks too high a price in terms of toxicity, and is therefore not the current standard of 
practice. Given the theoretical advantages, alternating protocols are under investigation in an attempt to make the toxicity acceptable. This approach gives 
chemotherapy (e.g., weekly), and allows gaps in the radiotherapy delivery, perhaps treating one week on, one week off. This type of strategy permits the use of full 
dose in each modality without undue delay for either, thereby reducing the potential for resistance to either modality.

Adjuvant (Remote or Sequential)

When chemotherapy is given after definitive treatment of the primary site by radiotherapy (or surgery), it is termed adjuvant. In this setting, the advantages are that 
treatment of the primary site is not delayed and that the ability of the local tumor to metastasize is potentially restricted, if not eliminated. The size of the primary tumor 
mass is reduced, allowing a better chance of complete response to chemotherapy. 8 In remote sequencing, chemotherapy can still tackle micrometastases, but in 
sequential treatment it does so immediately after radiation therapy. Sequential adjuvant treatment carries the same problems of increasing toxicity as sequential 
neoadjuvant therapy.

Drug Resistance

When a single chemotherapy drug is administered repeatedly or in a prolonged fashion, such as continuous infusion, a change in cellular response can occur in 
tumor cells. This change is entirely directed toward resisting the drug and its effects. The likelihood of these drug-resistant cells being present in any particular tumor 
may be related to the mass of the tumor, implying that smaller tumors are less likely to harbor these drug-resistant cells. Many mechanisms have been identified, and 
undoubtedly a combination of these mechanisms comes into play in any given situation. The development of drug resistance has clear implications for treatment 
failure, and consequently for new ways of trying to enhance the efficacy of current combinations. When designing protocols for chemoradiation strategies, overcoming 
intrinsic and/or acquired resistance is a key consideration.

Mechanisms

These mechanisms are summarized in part, in Table 15.1, and can be considered at a cellular/intrinsic level, or on an anatomic/pharmacokinetic basis. Although 
resistance can occur because of the latter, the development of intrinsic resistance has provoked much study since it was first recognized. This intrinsic resistance is 
acquired through self-adaptation of the cell and can be responsible for resistance to other chemotherapy compounds (i.e., cross-resistance). When this happens, it is 
termed multidrug resistance (MDR) and is believed to be responsible for the majority of clinical treatment failures that occur because of drug resistance.



TABLE 15.1. SOME MECHANISMS AND PATHWAYS OF DRUG RESISTANCE

Multidrug Resistance

MDR refers to the situation when resistance developed because of repeated exposure to one drug and extends to structurally and functionally different classes of 
drugs. Cross-resistance has been found to be associated, in most cases, with the overexpression of P-glycoprotein, which is an integral part of the cell membrane 
drug efflux mechanism. The MDR-I gene has been shown to encode for P-glycoprotein. MDR is also associated with inhibition of the spindle cell poisons, including 
drugs affecting functions of topoisomerase I and topoisomerase II (See also Chapter 14). These mechanisms have been shown to be quite different from 
P-glycoprotein-mediated MDR. In addition, MDR has been identified with the mechanism of increased activity of the enzymes that metabolize the drugs, such as 
glutathione. Several different ways of preventing or reversing these actions have been investigated, but none so far has proven to be clinically useful. 9

Strategies for Chemoradiation

The best way to integrate these two modalities is the subject of increasing study, both in the laboratory and in the clinic. Different types of tumors are known to have 
different intrinsic levels of radiosensitivity and chemosensitivity. 10 Even within one tumor histology, such as SCLC, a heterogeneous population of cells and tissues 
often exists. In addition, it is important to remember that even similar groups of patients, with similar types and stages of disease, still have their differences, 
particularly in how they tolerate aggressive CMT. Nonetheless, it is feasible to construct models, based on factors such as likelihood of resistance and tumor burden, 
to help in trying to predict the best combination of modalities, doses, and timing that might prove to be superior. These theoretical strategies are important to develop, 
but they still need to undergo thorough testing in accurately defined conditions. Only by the results of carefully controlled randomized clinical trials will their place in 
clinical practice be properly defined.

Targeting tumor cells as early as possible in their growth is undoubtedly optimal. The more bulk that exists, the longer it takes to eliminate all the cells, as per the 
log-cell kill theory. In terms of overcoming drug resistance, it also seems logical to apply different chemotherapy agents as soon as possible so that cells becoming 
quickly resistant to one type of drug will be targeted by another one to which they have not developed resistance. As has been discussed earlier, good evidence 
supports the fact that the degree of response and resistance to chemotherapy can be related directly to tumor mass. It, therefore, follows that treating with radiation 
and combination chemotherapy simultaneously, if toxicity is acceptable, should prove to be superior. However, in order to make it tolerable, dose reductions are often 
necessary, thereby negating any potential benefit.

One way of trying to deal with this problem is to combine agents and modalities with nonoverlapping toxicities. Several reports have hinted that when compared with 
neoadjuvant or adjuvant chemotherapy relative to radiotherapy, concurrent treatment has been better in terms of tumor responses, although not reaching statistical 
significance.11 In this light, the approach of alternating modalities is under investigation, and Goldie has proposed the use of non–cross-resistant drugs in an 
alternating rather than sequential fashion as one possible strategy. 12 The additional concept of quantitative symmetry of these drugs is analyzed in detail by Day, 
which is where the efficacy of individual drugs is taken into account, and delivery in terms of dose and timing is adjusted to compensate. 13 The possible advantages of 
alternating strategies include being able to maintain the chemotherapy schedule with non–cross-resistant drugs given as early as possible and delivering significant 
total doses of radiotherapy between drug administration. 14

Non–Small Cell Lung Cancer

Until this decade, the relative effectiveness of chemotherapy at all, in this disease, was debated. In 1995, a metaanalysis reported a statistically significant survival 
benefit for chemotherapy, and interest has since grown exponentially (See also Chapter 50.).15 Several randomized studies have now shown significant improvement 
with chemoradiotherapy in locally advanced stage III disease (see also Chapter 52), prompting many questions about optimizing the overall combination. 16,17

In attempting to define the best strategy, it is important to recognize the problems that need to be addressed. The importance of achieving local control in this disease 
cannot be underestimated.18 The increasing use of conformal radiation techniques invites not only dose-escalation (overall or radiobiologic) but also improved 
tolerability of CMT. The optimal fractionation schedule, in itself, is currently a major research topic, and the CHART regimen (Continuous Hyperfractionated 
Accelerated Radiotherapy) from Mount Vernon reported an improvement in two-year survival from 20% to 30% in locally advanced NSCLC. 19

Given the persistently high rate of metastatic relapse, neoadjuvant chemotherapy has been a focus for many studies. Although phase II trials consistently showed 
better responses than in the palliative setting, they failed to be convincing on the matter of any improvement of local or distant control rates. 20,21 and 22 Likewise, studies 
of adjuvant chemotherapy have been unimpressive to date. However, several phase III randomized trials using CMT have been encouraging, although the radiation 
techniques and doses were, in retrospect, less than current optimal standards. 16,17,23,24 In Trovo's recent overview, summaries of randomized trials comparing 
radiotherapy alone to combined chemoradiotherapy are presented. 25 Careful analysis reveals that although some evidence supports superiority of CMT, it is not 
overwhelming.

The progression to investigation of combination chemotherapy with radiation, including new chemotherapy agents, is reviewed by Vokes. 26 Paclitaxel and carboplatin 
have been of particular interest27,28 and 29 but so has the combining of these agents with more advanced radiation techniques. 30,31 and 32 Alternating radiotherapy and 
chemotherapy in phase II trials has also been reported, from GOTHA (Groupe d'Oncologie Thoracique Alpine), suggesting feasibility and a possible gain in long-term 
survival,33 but as yet no mature or substantial phase III data supports these kinds of combinations as optimal. A recently reported cancer and leukemia Group 
B/Eastern Cooperative Oncology Group (CALGB/ECOG) study did not confirm any significant benefit with concurrent daily carboplatin, given at a dose of 
100mg/m2/week.34

The newer drugs, such as the taxanes, navelbine, and gemcitabine, are now being incorporated into protocols, along with biologic response modifiers. 35 Likewise, the 
pharmacokinetics of combining topoisomerase inhibitors with radiation is under investigation. 36 How to combine these agents effectively with improved radiotherapy 
fractionation and technology will continue to provide much subject for study well into the next century. The potential for significant improvement in this hitherto 
relatively unresponsive disease is now very real.

Small Cell Lung Cancer

The benefits of chemotherapy in this essentially systemic disease is not disputed, instead the integration of radiation—how, when, and where—raises most of the 
questions. Trials incorporating thoracic radiotherapy and predominantly cyclophosphamide-doxorubicin–based chemotherapy, were initiated more than 20 years ago, 
and the survival benefit attributable to thoracic radiation was confirmed in a subsequent metaanalysis. 37 Since that time, platinum-based regimens and more intensive 
chemotherapy have become widely used (see also Chapter 53). Nonetheless, the question of radiotherapy timing remains controversial, and until recently was given 
predominantly as postchemotherapy consolidation. 38 The appropriate target volume (i.e., whether supraclavicular nodal areas should be included) and the correct 
total dose/dose-fractionation schedule are also unclear. These issues remain to be resolved. Turrisi summarizes some of the randomized trials of chemoradiation in 
SCLC, dividing them into sequential, alternating, and concurrent. 39 The benefit of thoracic radiotherapy becomes evident, but again, the optimal sequencing, and 



other factors, remain uncertain.

In 1996, Johnson et al. from the National Cancer Institute (NCI), reported a phase II trial treating patients with limited-stage SCLC with concurrent etoposide, cisplatin, 
and hyperfractionated thoracic radiotherapy (1.5Gy twice per day to total 45Gy), followed by cyclophosphamide, doxorubicin, and vincristine. 40 Out of fifty-four 
patients, nine were alive and disease free at a median time of 4 years (2 to 7 years). Thirty-eight patients had progression of their disease at a median of 1.2 years, 
and interestingly, one-third of these patients developed and subsequently died of isolated central nervous system (CNS) relapse. Their calculated actuarial survival 
rates were 43% at 1 year and 19% at 2 years. In contrast, a Southwest Oncology Group phase II study published in 1998 looked at concurrent chemoradiation 
incorporating prolonged oral etoposide and prophylactic cranial irradiation (PCI), and found this combination to be toxic. 41 Only 50% of patients (28/56) completed 
chemotherapy as per protocol, with 93% (52/56) completing radiotherapy. Eleven patients (20%) discontinued treatment because of toxicity and two patients died from 
treatment. Possibly because of poor tolerability, complete response rates were not significantly different from previous studies. The European Organization for 
Research and Treatment of Cancer evaluated alternating versus sequential treatment modalities in a phase III randomized study but failed to confirm any clinical 
advantage for either arm.42 At least two studies have assessed the effects of maintenance chemotherapy after induction with either CMT, or chemotherapy alone, and 
neither found any advantage. 43,44

The other main area of controversy is in the use of PCI. Many conflicting studies have been reported, often with heterogeneous patient, tumor, or radiation-dosing 
factors, making interpretation all the more difficult. Currently, PCI is recommended for good performance status limited-stage patients who achieve a complete 
response to chemotherapy (see also Chapter 56).45,46

Future strategies for SCLC therapy will almost certainly focus also on the growing pool of genetic information, either for patient selection, or as part of treatment in 
combined therapy protocols.

SPECIFIC CHEMOTHERAPEUTIC AGENTS USED IN CHEMORADIATION

This section concentrates on radiation–chemotherapy interactions of individual agents. More detail on individual drugs can be found in chapter 14, chapter 42, 
chapter 50, chapter 51 and chapter 52, chapter 53, chapter 54, and chapter 57.

Nucleoside Analogues

Drugs that affect nucleoside and nucleotide metabolism are among the most effective and most widely used agents to sensitize tumor cells to radiation treatment. 
Some of the older agents include the fluoropyrimidines (5-fluorouracil), thymidine analogues, and hydroxyurea. Newer agents in this category include gemcitabine 
(difluorodeoxycytidine) and fludarabine.

Hydroxyurea

Mechanisms of Action

Although hydroxyurea is not a nucleoside analogue, its primary mechanism of action is related to its inhibition of ribonuleotide reductase, a key enzyme for the 
conversion of ribonucleotides to deoxyribonucleotides. 47 Its role in the treatment of hematologic malignancies and myeloproliferative disorders is well established. 48

Preclinical Data with Radiation

The mechanism of hydroxyurea radiosensitization has been attributed to the inhibition of DNA synthesis resulting from the inhibition of ribonucleotide reductase. 49 
Exposure prior to radiation blocks cells at the G1/S phase border, although it is uncertain if this redistribution alone causes increased radiation sensitivity. Another 
mechanism may be through inhibition of DNA repair, as illustrated by radiosensitization when hydroxyurea is given during or after radiation treatment. 50 There seems 
to be no differential effect on tumor cells compared to normal cells, although more rapidly dividing cells may be more sensitive to its effect. More recent investigations 
are focusing on the role of ribonucleotide reductase rather than disruption of cell cycle kinetics. 51 Hydroxyurea may also modulate fluoropyrimidine-mediated 
radiosensitization of tumor cells. Hydroxyurea depletes intracellular deoxyuridine monophosphate pools, thus increasing the ability of FdUMP to bind with thymidylate 
synthase. Synergism between these two drugs has been demonstrated in preclinical models. 52 Finally, hydroxyurea may have a role as a biochemical modulator of 
IdUrd radiosensitization in tumor cells. 53 Exposure to low doses of hydroxyurea with IdUrd prior to radiation has been shown to enhance IdUrd-DNA incorporation and 
radiosensitization in the human bladder cell line 647V.

Clinical Experience

The use of hydroxyurea as a radiosensitizer has been evaluated in cancer of the head and neck, 54 malignant glioma,55 and cervical cancer.56 Its role in cancer of the 
head and neck as well as gliomas is difficult to appreciate given the fact that hydroxyurea was part of a multidrug regimen in these trials. Positive results have been 
demonstrated in cervical cancer when hydroxyurea is given with radiation compared to radiation alone. 57 In lung cancer, several studies demonstrated the feasibility 
of such an approach, but overall it has had little impact on the natural course of this disease. Vokes has used hydroxyurea along with 5-FU and radiation with or 
without cisplatin in locally advanced NSCLC. 58,59 The role of hydroxyurea is unclear in this setting because cisplatin and 5-FU alone have also been shown to be 
clinically effective radiosensitizers.

Gemcitabine

Mechanisms of Action

Gemcitabine (2', 2'-difluoro-2'-deoxycytidine) is an analog of deoxycytidine that, unlike cytarabine, has demonstrated effectiveness as a single agent against solid 
tumors, including pancreatic cancer, lung cancer, and breast cancer. Gemcitabine exhibits cell-cycle specificity by affecting cells undergoing DNA synthesis (S-phase) 
and by blocking the progression of the cells through the G1/S-phase boundary. 60 Gemcitabine is metabolized intracellularly by deoxycytidine kinase to the active 
forms of diphosphate and triphosphate nucleosides. Gemcitabine diphosphate inhibits ribonucleotide reductase, which catalyzes reactions and generates 
deoxynucleoside triphosphates for DNA synthesis. The reduction of intracellular concentration of deoxycytidine triphosphate facilitates the incorporation of 
gemcitabine triphosphate into DNA. Further chain elongation is terminated after gemcitabine triphosphate and one additional nucleotide are incorporated into the 
growing DNA strands. Gemcitabine is rapidly metabolized to an inactive uridine derivative by cytidine deaminase. However, in comparison with ara-C, gemcitabine 
has greater membrane permeability and enzyme affinity, as well as considerably longer intracellular retention.

Preclinical Data with Radiation

Shewach et al. first reported on preclinical investigations of gemcitabine as a radiation sensitizer in human colon carcinoma cells (HT-29). 61 Maximal radiation 
sensitization was observed when cells were irradiated immediately following gemcitabine exposure instead of before or during drug treatment. Radiation sensitization 
was found to be dose and time dependent. Exposures of 10 nmol/l for 24 hours or 30 nmol/l for 16 hours both produced a radiation enhancement ratio of 
approximately 2. Radiosensitization of gemcitabine has also been investigated on pancreatic cell lines. 62 Radiation enhancement ratios of 1.7 to 1.8 have been 
obtained. Sensitization occurred when gemcitabine depleted the dATP pools below the level of 1 nmol/l. The previous data thus suggest that radiation sensitization is 
achieved at very low gemcitabine plasma concentrations, which are not by themselves cytotoxic.

Conditions to obtain radiosensitization can be achieved either by a long (24-hour) exposure to a low concentration of gemcitabine (10 nmol/l) or by a brief (2-hour) 
treatment with higher but clinically relevant concentrations (100 nmol/l to 3 mmol/l). 63 Under the latter conditions, sensitization can be detected 4 hours after treatment 
and last for up to 2 days. The mechanism by which gemcitabine radiosensitizes tumor cells is unclear. Studies indicate that the observed radiosensitization is not 
associated with either an increase in the radiation-induced DNA double-strand breaks or with a slowing of DNA double-strand break repair. 64 This finding suggests 
that radiosensitization by gemcitabine is unlike that produced by the fluoropyrimidines and the thymidine analogs. However, radiosensitization is associated with the 
depletion of deoxyadenosine triphosphate pools, suggesting that inhibition of ribonucleotide reductase may be relevant. 61,62



Clinical Experience

A phase I study in head and neck cancer used a starting dose of 300 mg/m 2 week of gemcitabine, along with standard dose radiation (70 Gy in 2-Gy fractions). 65 
Gemcitabine was found to be a potent radiation enhancer, leading to marked increase in normal tissue toxicities within the radiation field. In addition, long-term 
sequelae were noted. Three patients required gastric tubes 5 months after radiation therapy. As a result, doses of gemcitabine in this study were decreased from an 
initial dose of 300 mg/m2/week to 150 mg/m2/week. However, the observed clinical activity was very encouraging. A phase I trial evaluating the role of gemcitabine as 
a radiation sensitizer in lung cancer is in progress. 66 The CALGB is conducting a phase II trial evaluating cisplatin and gemcitabine in combination as induction 
chemotherapy and as radiation enhancers in locally advanced NSCLC. 67

5-Fluorouracil (5-FU)

Mechanisms of Action

Fluorouracil (5-FU) is a synthetic analog of the naturally occurring pyrimidine, uracil. Several active metabolites of 5-FU have pharmacologic effects on the synthesis 
and function of cellular DNA and RNA. Inhibition of thymidylate synthase (TS) by 5-fluorodeoxyuridine monophosphate (FdUMP) is believed to be the primary 
mechanism of anticancer efficacy of 5-FU. Other active metabolites include 5-fluorouridine triphosphate (FUTP) and 5-fluorodeoxyuridine triphosphate (FdUTP). 
FUTP is misincorporated into RNA and may affect several aspects of RNA stability and function. Similarly, FdUTP can be misincorporated into DNA. 
Fluorodeoxyuridine nucleotides that have been misincorporated into DNA are recognized and cleaved by a glycosylase, yielding apyrimidinic sites in the DNA double 
helix and leading to DNA strand breaks.

Preclinical Data with Radiation

Recent laboratory investigations point to biochemical events at the G1/S-phase interface as potentially important determinants of fluoropyrimidine radiosensitization. 
Our group has shown that the use of minimally cytotoxic doses of fluoropyrimidines prior to irradiation results in an immediate inhibition of TS followed by a later 
(within several hours) expansion of an early S-phase tumor cell population that correlates temporally with enhanced in vitro radiosensitivity.64 The enhanced 
radiosensitivity of the early S-phase tumor cell population is not seen using cell synchronization techniques alone. Instead, the period of radiosensitization is best 
correlated with the time course of an altered dTTP/dATP radio resulting from TS inhibition. 64 It is speculated that an accelerated release of cells from the G1/S 
checkpoint occurs as a consequence of the nucleoside pool imbalance prior to complete repair of radiation damage. The relationships of the proposed molecular 
sensors at the G1/S checkpoint (e.g., p53, cyclin-dependent kinases) responsible for ionizing radiation repair and these biochemical perturbations resulting from TS 
inhibition are currently being studied.

Clinical Experience

Positive trials of combined 5-FU and radiation have been reported for head and neck, esophageal, pancreatic, rectal, and anal cancers. Use of 5-FU in lung cancer 
has been limited. Multiple trials have been reported; all combined with other chemotherapy agents. Cisplatin, 5-FU, and etoposide have been used as induction 
neoadjuvant therapy prior to surgery in three different trials. 68 5-FU has also been combined with hydroxyurea, cisplatin and interferon, and radiation for advanced 
chest malignancies.58 In one study, radiation was given with or without a five-day continuous infusion of 5-FU in locally advanced NSCLC. This study demonstrated 
that the combined therapy arm resulted in a significantly higher response rate but also more toxicity.

Fludarabine

Mechanisms of Action

Fludarabine phosphate (2-fluoro-ara-AMP) is a synthetic analog of the naturally occurring purine nucleotide, deoxyadenosine monophosphate, and is a fluorinated 
nucleotide analog of the antiviral agent vidarabine. Following intravenous infusion, fludarabine phosphate is rapidly dephosphorylated to 2-fluoro-ara-A; intracellularly, 
2-fluoro-ara-A is rephosphorylated to the active triphosphate, 2-fluoro-ara-ATP. This triphosphate metabolite is an inhibitor of several key enzymes in 
deoxyribonucleotide metabolism and DNA synthesis, including ribonucleotide reductase, DNA polymerase alpha, and DNA primase, resulting in impaired DNA 
synthesis and repair. 69 Fludarabine has clinical activity against hematologic cancers such as chronic lymphocytic leukemia and follicular non-Hodgkin's lymphoma.

Preclinical Data with Radiation

Kim et al.70 have demonstrated that treatment with fludarabine and radiation substantially increased the control rate of Meth-A fibrosarcomas in BALB/c mice 
compared to radiation treatment alone. Investigators at M.D. Anderson Cancer Center have shown that the administration of fludarabine at a dose of 800 mg/kg 1 
hour prior to radiation treatment lengthened regrowth delay over a range of conditions, but particularly if irradiation was performed 24 hours after drug treatment. 71,72 

and 73 Subsequent studies suggested that this delay in radiosensitization reflected a fludarabine-induced loss of radioresistant S-phase cells (through apoptosis) and 
partial synchronization of cells into G2/M 24 hours later.

Clinical Experience

No clinical trials of fludarabine and radiation have been reported to date.

Plant Derivatives

Paclitaxel

Mechanisms of Action

The FDA approved the production of semisynthetic paclitaxel in 1995, and this form has replaced the original, which was derived from the bark of Taxus brevifolia. Its 
unique mechanism of action as a promotor of microtubule assembly distinguishes paclitaxel from the vinca alkaloids and other tubulin-interacting drugs. All aspects of 
tubulin polymerization are enhanced at concentrations as low as 0.05 mmol/l. By stabilizing the microtubule and preventing its disassembly, paclitaxel causes 
tubulin-microtubule disequilibrium, which eventually leads to cell death.

Preclinical Data with Radiation

In one study, human lung carcinoma cells (SW1573) were given five daily treatments with 3 Gy of x-rays during the continuous presence of 5 nM of taxol. 74 This study 
demonstrated that taxol, continuously present at low concentration with little cytotoxicity, causes a progressive reduction of the surviving cell population in 
combination with fractionated radiation, mainly by inhibiting the repopulation of surviving cells between the dose fractions. Other studies have demonstrated that 1 to 
10 nmol/L appears to be the optimal paclitaxel concentrations (when given as a continuous infusion) for direct cytotoxicity and radiosensitization in vitro.75 Preclinical 
data also suggests that low-dose daily infusions of paclitaxel for as long as possible during a course of radiotherapy are more likely to result in radiosensitization and 
prolonged cytotoxicity than high infusions given once a week. 76 In this study, A375 melanoma and S549 lung carcinoma cell lines were used. The minimum 
concentration of paclitaxel for measurable radiosensitization was 3nM for both cell lines. A minimum of 18 hours incubation with the drug was necessary for 
measurable effects, and radiosensitizing effects were soon lost after the removal of paclitaxel. Pharmacokinetic calculations predict that 15 mg/m 2 paclitaxel given as 
a 1-hour infusion 5 days per week for 3 weeks during radiotherapy should achieve both cytotoxicity and radiosensitization. The presumed mechanism of action of 
paclitaxel as a radiosensitizer has been that this drug blocks cells at the radiosensitive G2-M interface. 77 This reaction is independent of the p53 mutations in lung 
cancer. Although p53 mutations have been associated with radioresistance in the case of NSCLC, p53 mutations do not predict response to paclitaxel/radiation in this 
disease.78



Clinical Experience

Of the newer drugs, paclitaxel combined with radiation has been the most studied in lung cancer. A continuous exposure to paclitaxel in the preclinical setting has 
demonstrated superior radiosensitizing effects, which has been studied in a phase I trial. Rosenthal et al. gave escalating doses of continuous-infusion paclitaxel over 
7 weeks concurrently with radiation.79 Dose-limiting toxicity was not achieved at the time of the report at a dose of 6.5 mg/m 2/day. In a phase I trial of continuous (120 
hours) infusions of paclitaxel along with radiation in malignant mesothelioma and NSCLC, the MTD was 105 mg/m 2 repeated every 3 weeks.80 Twice weekly paclitaxel 
has also been investigated with radiation. 81 The MTD of paclitaxel was 35 mg/m2 given twice weekly as a 1-hour infusion for 6 weeks along with the radiation. The 
MTD of paclitaxel given as a weekly 3-hour infusion along with radiation has been shown to be 55 to 60 mg/m 2 week.82 Pharmacokinetic data with weekly paclitaxel 
dosing of 100 to 250 mg/m2 has been shown to yield plasma concentrations that remain above the putative radiosensitizing threshold of 0.01 mmol/L for 4.5 to 10.7 
days.83 Combinations of paclitaxel along with carboplatin and radiation have also been studied. 84 and 85

Taxotere

Mechanisms of Action

Docetaxel is a semisynthetic derivative of 10-deacetyl baccatin, a precursor of paclitaxel. It is extracted from the needles of the European yew, Taxus baccata, an 
abundantly available and renewable source. Its mechanism of action is similar to that of paclitaxel, promoting microtubule assembly and stabilization, arresting cells in 
the M-phase of the cell cycle. In a head-to-head in vitro comparison against a variety of human tumors, docetaxel was more cytotoxic than paclitaxel (1.3- to 12-fold). 
In addition, cross-resistance between these two agents is incomplete.

Preclinical Data with Radiation

Although docetaxel has been shown to have additive effects when combined with radiation, controversy exists as to whether this combination is synergistic. An in vitro
 study by Choy et al.86 found that both paclitaxel and docetaxel have radiosensitizing effects on the human leukemic cell line (HL-60). When these cells were treated 
with either drug, up to 70% of the cells were blocked in the G2/M-phase as determined by flow cytometry. The radiosensitizing effects were measured by calculating 
the dose of radiotherapy required to reduce survival to 25% of baseline, to determine the sensitizer enhancement ratio (SER). The SER was found to be 1.5 to 2.0 
when a low concentration of docetaxel (0.3 mM) was used. The synergistic effect was hypothesized to occur because of the drug's ability to block the cells in G2/M. In 
contrast, a more recent study by Hennequin et al.87 found no in vitro synergism with the combination of docetaxel and radiation using Hela cell lines. In another in vitro
 study, Watanabe et al. 88 also found no synergistic effects with docetaxel and radiation. In this study, lung cancer cell lines, RERF-LCMS (adenocarcinoma) and 
RERF-LCMA (small cell carcinoma) were exposed to docetaxel for 1 hour. Cells were irradiated for various periods, before and after the 1-hour drug exposure. The 
combination effects of radiation and drug were analyzed using an isobologram. Results from this study demonstrated that docetaxel with radiation had an additive 
effect on lung cancer cell lines, but no synergistic effects were noted. Finally, docetaxel has been shown to potentiate the radiation response of the murine mammary 
carcinoma MCa-4, with the proposed mechanisms being through an increase in radiosensitive mitotic cells (inducing arrest in the G2/M cell-cycle phase) and 
enhanced apoptosis.89

Clinical Experience

A phase I trial of concomitant docetaxel and radiation in locally advanced NSCLC has been conducted. Except for severe dysphagia at docetaxel doses above 30 
mg/m2 given on days 1, 6, 16, and 21 of radiation, this regimen was well tolerated. 90 A phase I/II of accelerated radiotherapy and weekly docetaxel in locally advanced 
NSCLC has also been conducted. Doses up to 30 mg/m2 given weekly were well tolerated with an overall response of 73%. 91

Vinorelbine

Mechanisms of Action

Vinorelbine is a unique semisynthetic vinca alkaloid derived from the leaves of the periwinkle plant. It differs from the natural vinca alkaloids by an eight-as opposed 
to a nine-member catharanthine ring. This unique structure may be responsible for its greater microtubule specificity and antitumor activity. It is a classic antitubulin in 
that it causes mitotic arrest of cells by inhibiting tubulin assembly. Vinorelbine causes less neurotoxicity than other vinca alkaloids.

Preclinical Data with Radiation

The activity of this combination in vitro was evaluated in the human NSCLC cell line NCI-H460.92 When cells were exposed to navelbine for 24 hours and then 
irradiated, the drug potentiated radiation in a dose-dependent manner, with the ratio of fractional survival ranging from 1.7-fold at 1 Gy to 5.5-fold at 6 Gy. When 
treatment sequence was reversed (i.e., radiation followed by drug exposure), similar survival ratios were obtained at navelbine concentrations that were 10-fold lower. 
In this cell line, radiation produced a block in the G2/M-phase of the cell cycle with a maximum (60% to 70%) by 10 hours. The best potentiation was seen when 
irradiated cells were exposed to navelbine after they had plateaued in the G2/M-phase of the cycle. Navelbine given early after radiation, when only 10% to 30% of 
the cells were in G2/M, produced survival ratios similar to radiation alone. These studies show that navelbine acts as a radiosensitizer, and that the potentiation is cell 
cycle dependent, with a maximal effect being obtained when the cells have reached the G2/M-phase of the cycle. 92

Clinical Experience

Patients with advanced chest malignancies that required radiation were enrolled in a phase I study of standard chest radiation and concurrent chemotherapy with 
cisplatin 100 mg/m2 every 3 weeks and vinorelbine starting at 20 mg/m2/week.93 This regimen was feasible, and the recommended phase II dose was cisplatin 80 
mg/m2 every 3 weeks and vinorelbine 15 mg/m2 on days 1 and 8 of the 3-week schedule. Esophagitis was the dose-limiting toxicity, and neutropenia occurred at 
higher doses. The CALGB is currently conducting a phase II trial of this regimen in unresectable stage III NSCLC.

Etoposide

Mechanisms of Action

Etoposide is a derivative of podophyllotoxin, itself extracted from the American mandrake or Podophyllum peltatum. The major mechanism of action is through 
interference with DNA synthesis by interaction with the enzyme topoisomerase II. This enzyme is responsible for “untangling” daughter chromosomes during mitosis. 
During this process, it causes transient DNA strand breaks. These breaks are then resealed by this same enzyme. The resealing is inhibited by etoposide, leading to 
permanent DNA strand breakage.

Preclinical Data with Radiation

Etoposide inhibits replication of DNA but does not stimulate repair. 94 In vitro studies have indicated an enhanced cell killing with radiation combined with etoposide. 
Rapidly repairable radiation-induced DNA damage is fixed into lethal lesions by etoposide. Cells arrested in G2-phase by radiation are hypersensitive to etoposide. 
Apoptosis, a result of the expression of the p53 gene, can be induced by radiation or etoposide in the presence of the gene but not in cells that lack both copies. 95 
Giocanti et al.96 described a decrease in the shoulder of the cell survival curve. Some increase in resistance of cell lines to etoposide has been reported after 
fractionated radiation. In vivo studies using the C3H mammary tumor model suggest that the major enhancement of radiation response is in hypoxic cells. 97

Clinical Experience

Because etoposide is almost always employed with other chemotherapy agents for lung cancer, it is difficult to discern the effect related to radiosensitization with 
etoposide. Lau et al. have demonstrated improved survival with concurrent carboplatin/etoposide with radiation in poor-risk patients with locally advanced NSCLC. 98 



However, radiosensitization may be caused by the platinum alone as demonstrated in a randomized trial with platinum and radiation alone.

Vincristine and Vinblastine

Mechanisms of Action

These agents are generally considered to cause mitotic inhibition with arrest at metaphase. This effect is caused by binding of the drug to a pair of sites on each 
subunit of tubulin, which results in blockage of assembly of microtubules during S-phase. Depolymerized tubulin proteins do not allow assembly of the mitotic spindle, 
and cell division is thus halted in metaphase.

Preclinical Data with Radiation

Little evidence exists of interaction of these drugs with radiation. In in vivo animal experiments, the LAF1 mouse exhibited an MTD of 9 mg/m.2 There was no effect on 
the sublethal dose enhancement factor for lung, esophagus, or kidney. In the intestinal crypt cells, vincristine showed a DEF of 1.1 and yielded little cell kill for 
intestinal crypt cells. There was no effect on repair of ionizing radiation damage.

Clinical Experience

No trials of these agents combined with radiation have been performed in NSCLC. In SCLC, the CAV regimen, containing vincristine, has been used along with 
radiation.

Topoisomerase I Inhibitors

Mechanisms of Action

Topoisomerases are DNA enzymes that control the topology of the supercoiled DNA double helix during the transcription and replication of cellular genetic material. 
Topoisomerase I initiates the cleavage of a strand of the DNA molecule, whereas topoisomerase II cleaves both DNA strands. These actions guarantee the 
subsequent replicative process of the DNA. A partial or complete inhibition of this DNA replicative mechanism results in the accumulation and stability of cleavable 
complexes and subsequent cell death. Although this process is widely accepted as the main mechanism by which topoisomerase I inhibitors produce their antitumor 
effect, the mechanism by which this class of drugs achieves any selective toxicity in cancer cells is not fully understood.

Camptothecin and 9-aminocamptothecin

Preclinical Data with Radiation

Studies indicate that the addition of topoisomerase I inhibitors shortly after irradiation causes conversion of single-strand breaks to double-strand breaks, resulting in 
synergistic lethality to cultured log-phase or quiescent human tumor cells. Dramatic enhancement of the response of a human melanoma cell line (U1-Mel) has been 
seen with camptothecin.99 9-amino-camptothecin also enhanced the cytotoxicity of radiation in a schedule-dependent manner in U1-Me1 tumor cells. 100 This study 
also indicated that an intact stereospecific interaction between camptothecin derivatives and DNA topoisomerase I is essential in the induction of radiosensitization.

Clinical Experience

There is no experience with the drugs in combination with radiation for lung cancer as yet.

Topotecan

Preclinical Data with Radiation

Preclinical evidence indicates that topotecan may inhibit DNA repair following sublethal doses of ionizing radiation. Enhanced cytotoxicity was noted when topotecan 
was present during the first 30 minutes after single or multiple doses of irradiation. 101,102 and 103 The effect of topotecan on ionizing radiation-induced cytotoxicity has 
been studied in NSCLC H460 cell lines (containing high levels of topoisomerase I levels) and in glioblastoma multiforme cell lines (containing low topoisomerase I 
levels).104 In this study, topotecan had a superadditive effect to radiation in the glioblastoma multiforme cell lines but not in the H460 cell line, suggesting that a 
potential clinical interaction exists for topoisomerase I inhibitors in combination with radiation for tumors expressing low topoisomerase I levels. Several studies were 
conducted to examine the effect of varying doses and time sequences of topotecan administration with respect to the administration of irradiation. Radiation 
sensitization appeared to depend on the drug concentration, the administration time, and exposure time. 101,102 and 103 Boscia et al.105 demonstrated that radiation 
sensitization of topotecan was improved when daily administration of topotecan was followed by daily fractionated radiation as compared to a single dose of the drug 
with a single dose of irradiation.

Clinical Experience

A dose escalation clinical study with topotecan and concurrent radiation in patients with inoperable NSCLC has been conducted. 106 The MTD of topotecan was 0.5 
mg/m2 when given on days 1 to 5 and days 22 to 26 during a 6-week course (60 Gy) of external beam radiotherapy. Higher doses of topotecan were associated with 
high hematologic and gastrointestinal toxicity.

Irinotecan

Preclinical Data with Radiation

The ability of CPT-11 to increase tumor radiation-response in vivo using human lung tumor xenogratfs has been investigated.107 Combinations of CPT-11 and 
radiation resulted in greater tumor regression compared to either modality alone. In flow cytometry studies, the proportion of cells in G2/M-phase, the most 
radiosensitive phase, increased after 1-hour exposure to the lowest dose of SN-38 (0.5 ng/ml), the active metabolite for CPT-11. The interaction of SN-38 and 
radiation in vitro in monolayer cultures and multicellular spheroids of HT-29 human colon adenocarcinoma cells has been studied. 108 SN-38 at a concentration of 2.5 
mg/ml, which by itself was not cytotoxic, greatly increased the lethal effects of radiation in spheroids. Exposure to SN-38 following irradiation inhibited the PLDR. This 
reaction suggests that the mechanism of the radiosensitization by SN-38 is caused by PLDR repair inhibition.

Clinical Experience

A phase I/II study of concurrent chemoradiotherapy with CPT-11 and cisplatin was conducted to determine the maximum tolerated dose and efficacy of this regimen in 
patients with advanced NSCLC.109 This trial had to be discontinued because of severe diarrhea and leukopenia causing chemotherapy delays as well as early 
termination of radiation. A trial of irinotecan alone with radiation is ongoing.

Platinum Analogs

Mechanisms of Action

The mechanism of cytotoxicity of the platinum analogs is similar to alkylating agents, and these drugs are therefore considered to be nonclassical alkylators. In the 
relatively high chloride concentrations of plasma, the cisplatin complex is deionized and able to pass through cell membranes. In the presence of low intracellular 
chloride concentrations, the chloride ligands of the complex are displaced by water and produce the positively charged platinum compound, which is toxic and 
probably the active form of the drug. The cis isomer forms intrastrand and interstrand cross-links between guanine-guanine pairs of DNA and inhibits DNA synthesis. 



Cisplatin to a lesser extent binds to protein and RNA, ultimately inhibiting RNA synthesis. Carboplatin is a cytotoxic platinum complex that, similar to cisplatin, reacts 
with nucleophilic sites on DNA.

Cisplatin

Preclinical Data with Radiation

Cisplatin is one of the drugs that has been most extensively studied for its interaction with radiation. A recent review published by Wheeler and Spencer 110 reported 
that cisplatin enhances the cytotoxicity of ionizing radiation in several studies using human tumor cell lines in both cell culture and tumor-bearing animals. The drug 
appears to cause supraadditive effects when given simultaneously with radiation. It also appears to inhibit the repair of sublethal damage. It is a hypoxic cell sensitizer 
at high doses, although it is unlikely that clinical doses achieve significant hypoxic cell sensitization. Some data suggest that at low doses per fraction, a DEF of 2.3 
can be seen.111 Fractionated radiation in vitro can induce cisplatin resistance in surviving cells. 112

Cisplatin can also enhance radiation effects on normal tissues. The MTD in the LAF mouse is 40 mg/m. 2 At this dose, a DEF of 1.2 is seen in the lung and of 1.7 in the 
esophagus. With single doses at this level, no enhancement is seen in the kidney. Stewart et al. found a DEF of 1.1 when cisplatin was given 6 hours before but not 
after radiation.113 Liliveld et al. demonstrated the highest degree of radiation enhancement of tumor cell kill when cisplatin was administered in a divided daily 
schedule before radiation.114 That schedule also resulted in less enhancement of normal tissue toxicities, which is an important observation.

Synergism between cisplatin and 5-FU has been demonstrated in preclinical models in vitro and in vivo. Scanlon et al. have demonstrated115 that cisplatin inhibits 
cellular uptake of methionine and stimulates endogenous synthesis of methionine from homocysteine, consequently increasing conversion of CH3-FH4 to FH4, a 
precursor of CH2-FH4. The resulting expanded reduced-folate pools enhance the inhibition of thymidylate synthase by FdUMP. Because both cisplatin and 5-FU have 
radiosensitizing properties, a rationale exists for using these agents in combination with radiotherapy.

Clinical Experience

Significant clinical experience with cisplatin as a radiation sensitizer exists. Trials in head and neck as well as cancer of the esophagus have shown improved 
outcome with combined chemoradiation when cisplatin and 5-FU are given. The most compelling evidence for the effect of cisplatin alone as a chemosensitizer in 
locally advanced lung cancer comes from the EORTC,17 which compared three groups treated with radiation alone, radiation plus weekly cisplatin (30 mg/m2), and 
radiation plus daily cisplatin (6 mg/m 2). Survival was significantly improved in the combined therapy arms, especially with the use of daily cisplatin (p = 0.0009). The 
fact that the most benefit was seen in the treatment arm with low-dose daily cisplatin (unlikely to have a direct cytotoxic effect) and that the benefit in survival was only 
caused by an improvement in local control, is very strong evidence for clinical benefits of radiation enhancement by cisplatin. Numerous studies have combined 
cisplatin with other drugs along with concomitant radiation, and a complete review is beyond the scope of this chapter. Lau et al. demonstrated excellent one- and 
two-year survival rates with combined cisplatin and etoposide and concurrent radiation for locally advanced NSCLC. 98 Of interest is that only one randomized trial of 
sequential chemoradiation versus concomitant chemoradiation has been published in locally advanced NSCLC. This trial demonstrated statistically improved two-year 
survival rates for the concomitant arm, suggesting a role for radiosensitization and improved survival by improving local control. 116

Carboplatin

Preclinical Data with Radiation

The interaction between moderate-dose radiation and carboplatin was studied in cisplatin-sensitive (GLC4) and -resistant (GLC4-CDDP) human SCLC cell lines. 117 
The radiosensitizing effect of the platinum drugs was expressed as an enhancement ratio calculated directly from survival levels of the initial slope of the curve. 
Carboplatin showed increased enhancement with prolonged incubation up to 1.21 in GLC4 and was equally effective as cisplatin in GLC4-CDDP. According to the 
isobologram analysis, prolonged incubation with both platinum drugs showed at least additivity with radiation for both cell lines at clinically achievable doses. The 
radiosensitizing capacity on both lung cancer cell lines did not depend on their platinum sensitivity. This study showed that the interaction of radiation with the 
clinically less toxic carboplatin can be improved by prolonged low-dose exposure before irradiation and is as potent as cisplatin in the resistant lung cancer cell line. 
Evidence for radiosensitization by carboplatin with an enhancement ratio of 1.8 is reported in Chinese hamster lung cells (V79) irradiated in culture under hypoxic 
conditions.118 Potentiation of radiotherapy in mice bearing a transplanted mouse mammary tumor (MTG-B) is reported as a supraadditive tumor growth delay when 60 
mg/kg carboplatin is administered either 30 minutes before or immediately after 20 Gy of irradiation. Carboplatin is believed to be more effective than cisplatin as a 
sensitizing agent because higher concentrations of the drug are achieved in free solution. Thus radiation enhancement, which is concentration dependent, might 
occur more rapidly with carboplatin than with cisplatin.

Clinical Experience

A phase II study of daily carboplatin (25 mg/m 2) given along with accelerated fractionated irradiation to 60 Gy over 4 weeks for locally advanced NSCLC demonstrated 
a response rate of 84% in 31 patients. 119 Similarly, a phase II study of split-dose radiation along with carboplatin given on day 1 of week 1 and week 6 has been 
performed with a response rate of 53%.120 Responders had a significantly higher area under the curve (AUC) of carboplatin than nonresponders in this study. A phase 
III trial of accelerated radiation therapy with and without carboplatin (350 mg/m 2 day 1, every 28 days) in locally advanced NSCLC is ongoing. 121 Interim analysis 
showed increased hematologic and esophageal toxicities when carboplatin was added. Trials have also been conducted with the combination of carboplatin and 
etoposide given along with radiation.

Antimetabolites

Because methotrexate and other antimetabolites are cell-cycle specific, their administration alters the kinetics of surviving cells. Cells in the late S-phase of the cycle 
are known to be less sensitive to radiation therapy. Certain antimetabolites, however, are active against these cells.

Methotrexate

Mechanisms of Action

Methotrexate (MTX), a synthetic analog of folic acid, is a potent inhibitor of dihydrofolate reductase (DHFR), a key enzyme in folate metabolism. Inhibition of DHFR 
results in depletion of cellular-reduced folates and interferes with vital cellular enzymes that require reduced folate cofactors (including enzymes of the thymidylate 
and purine synthesis and amino acid metabolism). Intracellularly, methotrexate is metabolized to active polyglutamate metabolites, which inhibit DHFR and several 
other cellular enzymes, including enzymes that catalyze formyl transfer reactions in purine biosynthesis.

Preclinical Data with Radiation

Dose-response curves in an experimental mammary tumor indicate that MTX generally kills less than one log of cells using an in vivo/in vitro assay and exhibits a mild 
linear reduction with dose as evidenced by increasing growth delay. Experiments in a rat rhabdomyosarcoma cell line with MTX and radiation showed no evidence of 
a supraadditive effect.122 An in vivo lung experimental system with MTX has shown a DEF of 1.6 (1.3 to 2).123 In this experiment, MTX was given at high doses (2.1 
gm/m2) 2 hours before irradiation. No significant effect was seen on esophageal or renal toxicities with these doses. Using a normal intestinal crypt system, MTX 
yielded a DEF of 1 to 1.8, depending on dose, with the higher value at the higher doses.

Clinical Experience

MTX has been shown to enhance late CNS damage when used in high doses and with whole-brain irradiation. Similar effects can be seen with intrathecal 
methotrexate when combined with radiation. MTX has also been shown to enhance skin and mucosal toxicity when given with radiation in head and neck cancer 
patients. The cyclophosphamede methotrexcite and 5–fleurouracil (CMF) regimen containing methotrexate when given with breast radiation in the adjuvant setting 
increases pulmonary toxicity. Trials of methotrexate with radiation in lung cancer are almost all in the setting of combination chemotherapy, and thus the sole effect of 



methotrexate cannot be determined. However, a trial reported in the early 1970s that combined methotrexate with radiation therapy for squamous cell carcinoma of 
the lung suggested no clinical tumor interaction.

Alkylating Agents

Because alkylating agents have been shown to be ineffective in patients with NSCLC, 15 their clinical use in this setting has largely been abandoned. Additionally, 
alkylating agents can cause pulmonary toxicity. They are used extensively in other malignancies, so their interactions with radiation are reviewed here.

Mechanisms of Action

Alkylating agents are polyfunctional compounds that have the ability to substitute alkyl groups for hydrogen ions. These compounds react with phosphate, amino, 
hydroxyl, sulfhydryl, carboxyl, and imidazole groups, which are part of the molecular makeup of the body. In neutral or alkaline solution, these drugs ionize and 
produce positively charged ions that attach to susceptible nuclear proteins, with the most likely site of alkylation being the N-7 position of guanine. This alkylation 
reaction can have multiple effects, including abnormal base pairing with cleavage of the imidazole ring of guanine; cross-linking of DNA with interference with DNA 
replication and transcription of RNA; and the disruption of nucleic acid function. Disruption of DNA adducts represents the predominant mechanism of cytotoxicity. The 
alkylating agents are not cell cycle–specific agents.

Cyclophosphamide

Preclinical Data with Radiation

Byfield concluded from in vitro experiments that cyclophosphamide had no effect on radiation survival curves and that effects were strictly additive. 124 Experiments with 
in vivo spheroids reveal that cyclophosphamide is more effective against the superficial cells but is additive to radiation at all depths. 125 Experimentally in rat 
hepatoma, Looney et al. showed that alternating chemotherapy with cyclophosphamide and radiation induces a maximal amount of tumor response. 126 Several studies 
have evaluated cyclophosphamide with radiotherapy and have shown increased injury in the normal tissues, including CNS, lung, bladder, small intestine, esophagus, 
and skin. The maximum tolerance dose (MTD) in mice is 250 mg/m.2 At this dose, cyclophosphamide exhibits a DEF of 2.1 for pulmonary lethality but shows little 
interaction in the normal esophagus. With delayed irradiation, residual cyclophosphamide effect on the DEF was seen at up to 6 months. 127

Nitrosureas

Preclinical Data with Radiation

In vitro studies indicate increased cell killing, which in some cases is additive, and in others, supraadditive. Decreases in the initial slope and in the final slope of the 
survival curve are noted. Radiation induces O6 alkyl-transferase, which creates resistance to N,N 1–bio(2-chlomethyl–)N–nitrosourea (BCNU), greatest at 48 hours 
after irradiation. The production of radiation-induced single-strand breaks is enhanced in human glioma tumor cell lines. 128 The induction of sister chromatid 
exchanges by radiation and BCNU appears only to be additive. In vivo experimental tumors, including the 9L brain tumor, the KHT sarcoma, and the EMT6 tumor, 
have shown increased animal survival, decreased metastases, and improved locoregional response with BCNU plus irradiation. In the EMT6 tumor, the greatest effect 
was seen with drug after irradiation, and the effect was supraadditive. Others 129 suggest that nitrosureas fix radiotherapy-induced DNA damage and that BCNU should 
be given 6 to 16 hours before or after radiation so that DNA cross-linking products can interact. In the LAF1 mouse, the MTD of BCNU is 75 mg/m. 2 The dose does not 
appear to enhance radiation injury to the lung, but it does increase the esophageal reaction with a DEF of 1.4. It shows no significant effect in the kidney.

Antitumor Antibiotics

Anthracyclines

Mechanisms of Action

Interference with the action of DNA topoisomerase II in regions of transcriptionally active DNA is the most widely cited and generally accepted mechanism of action of 
the anthracyclines. This enzyme acts by binding to DNA and nicking one of its strands, thus allowing the supercoiled macromolecule to relax as the opposite strand 
passes through the break. The enzyme then reanneals the broken ends. Anthracyclines are thought to act by stabilizing the topoisomerase-DNA complex in the 
cleaved configuration. This event not only maintains the DNA single-strand breaks but also helps to create further DNA double-strand breaks. The ability of these 
drugs to generate free radicals, which are cytotoxic, has attracted much attention. Anthracyclines are reactive with heavy metal ions. In the cell, adriamycin binds to 
ferric iron, which then generates highly reactive hydroxyl radical species. This complex binds to cell membranes and causes oxidative cell damage; most tissues 
possess adequate defenses against this type of event and are able to repair the damage. Cardiac tissue is notably deficient in this respect and is highly vulnerable to 
oxidative attack.

Preclinical Data with Radiation

In vitro experiments reveal that doxorubicin reduces the cellular capacity to accumulate and repair radiation damage throughout the cell cycle. Double-strand break 
repair is inhibited. 130 These findings are similar for resistant and sensitive cell lines. 131 Indeed, no evidence exists for an induction of adriamycin resistance by 
previous irradiation. Experiments in spheroids suggest that drug exposure before irradiation gives maximal enhancement. 132 In the LAFI mouse, the MTD is 24 mg/m.2 
At this dose, the DEF is 1.3 in lung, 1.9 in kidney, and 1.2 for intestinal crypt cells but not significantly elevated in esophagus. Maximal cell kill occurs when 
doxorubicin is delivered 12 hours after irradiation. Doxorubicin decreases SLDR in intestinal crypt cells by 10%. The greatest degree of reaction occurs with 
simultaneous administration; however, prolonged residual effects have been noted, as tested by delayed radiation exposure.

Clinical Experience

Clinically, in both NSCLC and SCLC, adriamycin has been used in different combination chemotherapy regimens with and without radiation. No trial of adriamycin 
alone with radiation in lung cancer has been performed. Enhanced cardiac toxicity with mediastinal radiation and doxorubicin treatment is well established. 
Furthermore, the radiation recall phenomenon is well established for this agent.

Mitomycin C

Mechanisms of Action

Mitomycin C is a bioreductive alkylating agent requiring in vivo activation to the cytotoxic species.

Preclinical Data with Radiation

Mitomycin C has been shown experimentally to interact with radiation through killing of hypoxic cells. This activity is probably not major at doses achievable in the 
clinic. Various in vitro experiments have described additive or supraadditive effects with radiation. 133,134 In vivo studies reveal both additive and supraadditive effects. 
Mitomycin does not change the shape of the radiation survival curve. Acute radiation reactions of skin and soft tissues are enhanced by mitomycin. 135

Clinical Experience

Mitomycin C has been shown to be an integral component of treatment of squamous cell carcinoma of the anus when given along with 5-FU and radiation. A 
randomized trial of 5-FU and radiation with or without mitomycin C showed inferior results and increased local relapse in the group not receiving mitomycin C, 
suggesting that this agent has clinically relevant effects when given with radiation. Furthermore, the only trial in which concomitant chemoradiation was shown to be 
superior to sequential chemotherapy followed by radiation in locally advanced NSCLC used the MVP regimen, which contains mitomycin C. Multiple other studies 



have been performed in which mitomycin was used as part of the combination chemotherapy regimen.
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Increasing genetic evidence indicates that cancers arise from a series of molecular changes that lead to transformation and unrestrained cellular growth, often 
resulting in lethal tumor burdens. These changes are frequently manifested as the “aberrant” expression of proteins (mutated, upregulated, or expression of those 
normally silent) by the tumor cells marking them as potentially foreign, dangerous, or at least “altered” in contrast to the “normal” tissue cells from which the tumor(s) 
arose. The immune system is endowed with the ability to sort out these changes and distinguish between healthy and diseased, hence “normal” and malignant cells. 
Thus the proteins encoded by the aberrantly expressed genes of a tumor cell represent targets for the cells of the immune system, serving as tumor rejection or 
regression antigens. In this light, much effort has turned to the study of the manipulation of the immune response to tumors in the clinical setting. Transfer of immune 
cells and therapeutic vaccination represent two areas of active research that utilize methods of eliciting lymphocytes with specificity for antigens aberrantly expressed 
by tumor cells.

It is evident after a review of the literature that hundreds if not thousands of studies have been published on some aspect of tumor immunology or immunotherapy, 
from animal tumor models to human malignancies. Any attempt to compile all that has been investigated in the field would be a herculean task and beyond the scope 
or intent of this chapter. Therefore the following text represents an overview of the specific endeavors in immunotherapy alluded to above, namely immune cell 
transfer and active vaccination. The absence or inclusion of any study or studies was done without prior intent or favoritism, and the author apologizes in advance to 
those whose excellent and valuable contributions to the field of tumor immunology have been inadvertently missed.

HISTORICAL EVIDENCE FOR THE IMMUNOLOGIC REJECTION OF TUMORS

Early studies that form the foundation on which tumor immunology stands were conducted prior to current understanding of the cellular and molecular mechanisms of 
immunity. Therefore, it seems appropriate first to review the history of tumor immunity, then to define the cellular players and their roles in the immunologic destruction 
of cancer.

A prevailing question that puzzled investigators such as Peyton Rous 1 in the early days of tumor immunology (prior to the 1950s) was whether or not the tumor 
rejection observed in experimental animals was due to rejection of the tissue transplant or the tumor itself (being aware of the fact that a tumor arose from once 
healthy tissue). In other words, do tumors elicit an immune response that recognizes the tumor as a tumor or simply as a tissue graft that is all too commonly rejected. 
Due in part to difficulties is distinguishing between tumor immunity and transplant immunity (truly inbred strains of mice were not yet available), the field leaned toward 
tissue graft rejection (immunogenic differences involving the major histocompatibility antigens) as an explanation, if not the mechanism, for tumor rejection, a 
paradigm that dominated until the early 1950s.

During the late nineteenth century, while tumor transplantation rejection was being studied in animals, a surgeon by the name of William Coley was testing a vaccine 
preparation known as “Coley's toxin” on lymphoma and sarcoma patients at New York's Memorial Hospital (known today as the Memorial Sloan Kettering Cancer 
Center). Coley had observed tumor regression and remission in patients who suffered a nosocomial bacterial infection following resection of their tumors. He 
subsequently isolated the bacterium (later the active component) and demonstrated that this “toxin,” when administered to sarcoma and lymphoma patients, could 
mediate tumor regression in nearly 50% of his cases. 2 The mechanism of action of this toxin-based vaccine is now believed to be mediated by cytokines that are 
induced following its administration, an observation that likely influenced the current tumor-cell vaccine strategies involving the engineering of tumor cells to express 
cytokine transgenes. Regardless, Coley recorded perhaps the earliest example of cancer therapy based on the deliberate manipulation of the immune system. 
However, with the advent of radiation and chemotherapies, along with difficulties in reproducing Coley's results, immunotherapy was sidelined for nearly 50 years.

In 1953 the paradigm was challenged when E.J. Foley published his landmark work on the antigenic properties of methylcholanthrene (MCA) induced tumors in mice. 3

 Foley eloquently demonstrated that when MCA tumors were ligated to induce necrosis, protection from a subsequent challenge with the same tumor was observed, 
while tumors grew quite well in unmanipulated animals. Certainly this phenomenon could not be attributed to differences in multiple histocompatibility complex (MHC) 
molecules (i.e., graft rejection) because the experiments were conducted using syngeneic mice. Excitement grew over the observation that tumors could be rejected 
by (presumed) immune recognition of antigens uniquely expressed on tumor cells. Four years later Prehn and Main confirmed and extended Foley's results by 
demonstrating that skin grafts were tolerated when mice of the same inbred strain were used. Moreover, ligated and necrosing syngeneic tumors induced protection 
from subsequent tumor challenge.4 The conclusive proof of tumor antigenicity came in 1960, when George Klein and co-workers published a series of truly brilliant 
experiments in which surgical removal of tumors (as opposed to ligation) followed by tumor challenge resulted in protection. 5 More striking was their demonstration 
that tumor protection was obtained by injection of irradiated (inactivated) tumor cells prior to challenge; this experiment remains today as the standard for assessing 
tumor cell immunogenicity in vivo. Collectively, these experiments established that immune-mediated tumor rejection in inbred strains of mice was not a consequence 
of histocompatibility differences, but rather a result of tumor antigen recognition.

Numerous studies expounding the complexities of the immunologic rejection of solid tumors were published during the decades of the 1960s and 1970s. The majority 
of these studies focused on experimental tumor models in mice. As progress was made toward the feasibility of employing the immune system against human cancer, 
theories concerning the biology and progression of cancer as it relates to incidence and natural control of occurrence were also being developed. At the forefront was 
the immune surveillance theory.6 This theory holds that all tumor cells express antigenic markers capable of eliciting immune responses resulting in tumor destruction, 
and that this process occurs continuously, preventing the outgrowth of malignant cells in most healthy individuals. As a person ages, the immune system declines, 
allowing the growth of tumors, hence one explanation for the increased incidence of cancer in people over the age of 50. Conceptually this theory would be difficult to 
prove in vivo, and certainly other mechanisms may participate in controlling cellular transformation and tumor formation in the healthy individual (e.g., events at the 



molecular and genetic level within the nascent tumor cell). Nonetheless, the power of the immune system lies within its ability to discriminate between self and nonself 
or, more appropriately, a normal cell from a tumor cell, and thereby selectively and specifically eliminating tumor cells while leaving normal cells intact. The arm of the 
immune system that is primarily responsible for tumor-specific immunity is classically referred to as the adaptive immune response. Adaptive immunity employs a 
subset of cells of the lymphocyte lineage as the primary effectors responsible for the mechanisms of tumor-specific killing.

T-CELL–MEDIATED IMMUNE RESPONSES

The intent of this review is to focus on the topic of tumor immunology in the context of therapy. However, an overview of the process and components of cellular 
immunity is essential to the understanding of immune responses to tumor cells as well as the manipulation of tumor immunity through vaccination, for example. In the 
interest of space, this will be an overview, and some of these concepts are also covered in Chapter 17.

Immunologic rejection of tumors is believed to be executed primarily by lymphocytes, the common position being that T-lymphocyte (cell) mediated immunity is 
essential for the destruction of most solid tumors. T-cells are typically subdivided into two main groups: (a) those that provide a “helper” function (CD4+ T-cells) for 
immune responses following recognition of peptide antigens processed and presented, typically from exogenous proteins that have been endocytosed or 
phagocytosed, in the context of class II major histocompatibility antigens (MHC-II) on professional antigen presenting cells (APCs)—dendritic cells, macrophages and 
B-lymphocytes, for example; and (b) those that directly mediate tumor destruction (CD8+ cytotoxic T-cells) resulting from recognition of peptide antigens (usually 
derived from endogenously expressed proteins) in the context of MHC-I molecules expressed on the surface of the tumor cells. MHC-I molecules are normally 
expressed on all somatic cells in the body, including fibroblasts and epithelial cells, which give rise to sarcomas and carcinomas respectively.

Typically CD4+ T-cells are noncytolytic yet have been shown to play a role in tumor rejection by providing the necessary help for CD8+ cytotoxic T-lymphocyte (CTL) 
activation and lytic activity. For example, tumor immunity was attributed to the induction of CD4+ T-cells in a murine melanoma model where tumors were engineered 
to express the human p97 gene,7 as well as a model for disseminated MHC-II negative lymphoma8 Topalian and colleagues identified CD4+ T-cells with specificity for 
tyrosinase, a shared tumor antigen associated with human malignant melanoma.9 Although there is evidence for the role of CD4+ MHC-II-restricted T-cells in tumor 
immunity, the vast majority of tumor-reactive T-cells defined for human systems and in animal models are CD8+ MHC-I-restricted CTLs. 10,11

CTLs recognize peptide fragments (8 to 10) amino acids in length) of intracellular protein antigens in the context of MHC-I molecule heavy chains in association with 
beta-2 microglobulin. These trimolecular complexes are expressed on the tumor (target) cell surface, giving an extracellular presentation of endogenously expressed 
and enzymatically processed protein fragments for a CTL to engage using its antigen-specific receptor(s) (T-cell receptor [TCR]). 12 The role of CTLs in tumor 
destruction has been demonstrated in numerous murine tumor models by inducing tumor-antigen–specific immune responses following immunization with; 
antigen-coated beads,13 recombinant viruses,14 synthetic peptides,15 or naked plasmid DNA.16 The presence of tumor-antigen–specific CD8+ CTLs within a 
developing tumor was first demonstrated for humans by growing the tumor-infiltrating lymphocytes (TIL) from resected melanomas. 17 The in vitro growth and adoptive 
transfer of TILs has become a viable and available therapy for patients with malignant melanoma. These studies (and numerous others) have clearly demonstrated 
that CTLs can be recruited via immunization or in vitro manipulation and deployed against tumors, resulting in complete protection or treatment of tumors in murine 
models or objective clinical responses for cancer patients. In light of the potential of immunotherapy we are left with the question: Why aren't more tumors 
immunologically rejected? Unfortunately, much of the skepticism regarding tumor immunology is based on the contention that the immune system has been taught to 
fight infection (foreign) not cancer (self) and cannot be educated otherwise. Mounting data, however, indicate that the cellular arm of the immune system can be 
taught to kill cancer and that the tumors themselves are often actively involved in the tactics of immunologic escape and evasion.

MECHANISMS OF TUMOR ESCAPE FROM IMMUNOLOGIC REJECTION

Without question, tumors—both spontaneous and viral induced—express unique (foreign or aberrantly expressed) antigenic targets capable of inducing 
tumor-destructive immune responses. Thus it is reasonable to presume that some form of immune surveillance is contributing to the control of tumor formation in vivo. 
However, it is also painfully clear that the incidence of lethal forms of cancer remains high. Perhaps the clinical occurrence of cancer represents those not-so-usual 
circumstances when the immune system is ineffective. The process of tumor progression in the absence of an apparent immune response is classically referred to as 
tumor escape. Much speculation is given to the mechanism(s) by which tumors escape and evade immune destruction. Although there exists a number of studies 
describing many possible mechanisms of tumor escape (few however, without accompanying contradictory reports), we will focus on mechanisms most likely to impact 
the development of immunotherapies, such as vaccines and adoptive cell transfer.

Down-Regulation of MHC-I Expression

As alluded to above, the common belief is that CD8+ CTLs comprise the primary and perhaps the most important arm of immune-mediated defense against solid 
tumors. The removal or down-regulation of MHC-I molecules from the surface of a tumor cell renders it incapable of presenting MHC-I molecules complexed with 
antigenic peptides and removes the means by which a CTL recognizes the tumor cell and subsequently destroys it. Indeed, some clinical studies using tumor sections 
and immunocytochemistry have shown that primary tumors sometimes exhibit detectable decreases in MHC-I expression compared to adjacent normal tissue. 
Interestingly, metastatic tumors do not seem to be any different from their parent (primary) tumors with respect to the level of MHC-I expression, though they have 
escaped immune destruction, as evidenced by the metastatic event. Examination of multiple human and experimental tumors has demonstrated that MHC-I 
expression is often retained on tumors from patient to patient or between tumor histologies; thus it has proven difficult to correlate tumorigenicity, or lack thereof, with 
MHC-I expression or down-regulation. Nonetheless, animal studies have demonstrated that tumorigenic cells lines capable of forming tumors in vivo become less 
tumorigenic in immunocompetent hosts when MHC-I expression is increased, typically accomplished by cytokine induction or MHC-I gene transfection. 18 The corollary 
assumption, again supported by data, is that MHC-I expression leaves a tumor cell nontumorigenic (due to increased immunogenicity) in syngeneic, 
immunocompetent animals. This assumption may not be true in some experimental tumor models. Often tumor models in murine systems include a tumorigenic cell 
line that expresses MHC-I, as well as an immunogenic tumor antigen capable of eliciting tumor-destructive immunity. 19,20 Although conclusions conflict concerning 
MHC-I down-regulation and its role as a mechanism of tumor escape, caution directs that it be given careful consideration when developing immunologic therapies for 
cancer that rely on induction of MHC-I–restricted CTLs.

Absence of Costimulation

It has become clear in recent years that T-cells require secondary signals in addition to those obtained through TCR-MHC-peptide engagement (the primary signal or 
signal 1) in order to become active effector cells. The B7 family of gene products (which include B7.1 and B7.2) have been identified as key elements that provide the 
second signal known as costimulation. The B7 ligand is found primarily on professional APCs such as dendritic cells and B-cells, and has not been demonstrated on 
somatic cells such as those giving rise to most solid tumors. The receptor for B7 is the CD28 molecule, which is found on T-cells. When CD28 on a T-cell is engaged 
by B7, following TCR engagement of an MHC-peptide complex, the necessary 1,2 signals are delivered to the T-cell, resulting in its activation and proliferation 
(Figure 16.1). Experiments have demonstrated that the first (MHC-peptide) and second (B7-CD28) signals are most efficiently delivered when expressed on the same 
APC.21 However, it is possible to deliver the appropriate costimulation in vitro by employing the B7 molecule on a third-party cell (author's unpublished observation). 
When resting or naive T-cells are engaged with a specific MHC-peptide complex through their TCR in the absence of B7 and CD28 engagement the result is 
peripheral tolerance or anergy.22 Since tumors don't express B7 molecules (B-cell malignancies are an exception), tumor-cell antigen presentation to T-cells results in 
anergy, or functional unresponsiveness, hence the premise for absence of costimulation as a mechanism for tumor escape. Tumor cells that lack B7 expression and 
fail to stimulate T-cells can be engineered to express B7 and successfully stimulate tumor-specific T-cells. 23 Indeed, tumor cells expressing a B7 transgene are being 
explored as a “new generation” of whole-tumor-cell vaccines.



FIGURE 16.1. Schematic representation of T-cell recognition of an antigenic peptide in the context of an MHC-I molecule. A: Illustration of the events leading up to 
successful T-cell activation following effective delivery of signal 1 and signal 2 costimulation (see text for details). B: Illustration of the induction of T-cell anergy 
following delivery of signal 1 in the absence of signal 2 (see text for details). APC, antigen-presenting cell (e.g., dendritic cells); MHC-I, class I major histocompatibility 
antigen; CTL, CD8+ cytotoxic T-cell; TCR; T-cell antigen receptor.

Tolerance

As described above, absence of costimulation represents a mechanism of immunologic tolerance to tumor cells. The primary mechanism of establishing peripheral 
tolerance is neonatal exposure to antigens during ontogeny. This process, involving thymic mechanisms of positive and negative selection, 24 provides the necessary 
environment for immunologic tolerance of self-antigens and the prevention of autoimmune disease. Studies have demonstrated that tumor antigens encountered early 
enough in fetal development are tolerated by the adult animal and thus are no longer immunogenic. Viral-induced breast tumors in virus-bearing versus virus-free 
animals represent one instance.25 Another example is SV40 large tumor antigen (Tag) transgenic mice that develop spontaneous tumors that remain Tag-positive and 
grow unchecked even though Tag is highly immunogenic in mice.26 Tumor formation in the SV40 Tag transgenic system is difficult to define as tolerance to Tag, since 
Tag-positive tumors transplanted to syngeneic adult immunocompetent mice grow progressively, resulting in death unless an immune response to Tag is induced prior 
to transplantation.19 In addition, when hemagglutinin (HA) of influenza virus was expressed in the pancreas of transgenic mice, driven by a tissue-specific promoter, 
the viral antigen was well tolerated and no autoimmune disease was evident even when the animals were immunized against HA. Interestingly, when these 
HA-transgenic mice were immunized with HA, followed by a lethal challenge with HA-expressing tumor cells, the tumors were rejected and HA-specific immunity was 
demonstrated, yet the pancreas was left healthy and functional. 27 Conversely, when lymphocytic choriomeningitis virus glycoprotein (LCMV), or LCMV-glycoprotein 
(GP) was expressed in the pancreas of transgenic mice to study the induction of autoimmunity against a defined antigen, tolerance was broken, resulting in 
autoimmune diabetes following immunization with dendritic cells that express LCMV-GP. 28 The implication here for cancer treatment is that therapeutic immunization 
against antigens that are not tumor-specific (most of the candidate tumor antigens for human cancer defined thus far are not tumor-specific) could result in 
autoimmune disease.

Though tolerance is clearly an obstacle in the path of many tumor immunotherapy approaches, complete understanding surrounding the involvement of tolerance in 
tumor immunity, as well as methods to overcome or manipulate it, require further investigation.

Tumor-Secreted Factors

Cultured tumor cells have been shown to secrete numerous cytokines and various growth factors. Some of these secreted factors are suppressive to the cells of the 
immune system. An example is transforming growth factor-beta (TGF-b). TGF-b is a family of molecules first identified as supporting transformation as defined by cell 
growth in soft agar. Many tumor cells secrete TGF-b, which sets up an immunosuppressive microenvironment around the tumor by inhibiting T-cell proliferation and 
CTL maturation. Tumors may secrete various cytokines as well. Cytokines have been shown to influence or drive T-helper cell function to support either cellular (CTL) 
or humoral (antibody) immunity.29 Since CTLs are important for tumor cell killing, a cytokine profile (influenced by cytokines secreted by the tumor) that favors humoral 
versus cellular immunity could be detrimental to the successful immunologic rejection of the tumor. Therapies employed in such an environment may be aided by 
administration of anticytokine antibodies, recombinant cytokines (or tumor cells engineered to secrete cytokines), or cytokine analogues that block cytokine receptors 
on immune cells (e.g., T-cells) that drive a cellular immune response.

ACTIVE MANIPULATION OF THE IMMUNE RESPONSE TO ELIMINATE TUMORS

A realistic goal for the immunologic treatment of cancer is to administer immunotherapy as an adjuvant therapy to surgical resection of the primary tumor, the premise 
being first to minimize the tumor burden by “de-bulking” the patient's disease. It is clear from animal studies that there is a threshold for effective immunologic rejection 
of tumors with respect to tumor burden. The larger the existing tumor, the more difficult it is to treat or cure with immunotherapy. Current progress in improving early 
detection of cancer (with minimal burden and decreased likelihood of metastasis) will provide new opportunities to apply immunotherapy in a setting that should favor 
remarkable results.

Immunotherapy can be divided into two categories: active and passive strategies. Active approaches comprise both specific and nonspecific strategies, while passive 
methods involve the transfer of antigen-specific antibodies. Antibodies have been useful clinically as diagnostic tools in the context of enzyme linked immunosorbent 
assays (ELISAs) or immunocytochemistry on tissue sections. The power of antibodies in this capacity comes by exploiting their ability to recognize surface proteins 
that are either unique on tumor tissues or overexpressed on tumor cells compared to normal cells. Antibodies have demonstrated potential as immunotherapeutic 
agents as well, by complexing the antibody with toxins (immunotoxins),30 radioactive molecules,31 or as free antibody presumably inducing mechanisms of 
antibody-dependent cell-mediated cytotoxicity (ADCC). 32 ADCC, for example, is a possible mechanism that is employed during therapy with tiastuzumab (Herceptin), 
a new passive immunotherapy for breast cancer that targets the HER-2/neu tumor antigen on breast cancer cells with an antigen-specific monoclonal antibody.

Active nonspecific immunotherapy of cancer involves the induction of immune cells that do not rely on tumor antigen recognition and MHC-I restriction. Generally the 
therapy involves administration of cytokines or immune stimulatory adjuvants such as bacille Calmette-Guérin (BCG) or Cryptosporidium parvum, resulting in the 
subsequent activation of nonspecific effectors such as natural killer (NK) cells or lymphokine-activated killer (LAK) cells. LAK cells have demonstrated limited efficacy 
as immunotherapeutic agents when activated in vitro and adoptively transferred back to the patient.

Countless studies have demonstrated that protective immune responses can be elicited by vaccination with candidate synthetic tumor antigens or peptide fragment(s) 
(epitopes) from the tumor antigen.33 In this light, strategies for the development of new therapies for the treatment of human cancer based on the identification and 
characterization of a target tumor antigen(s) and the MHC-I–binding peptides from the tumor antigen(s) include: (a) in vitro–generated antitumor -CD8 + CTLs that 
may be useful for adoptive cellular transfer immunotherapy, and (b) active immunization with synthetic peptide epitope(s) as subunit therapeutic cancer vaccines.

Adoptive Transfer of Tumor-Specific T-Cells

Adoptive immunotherapy has been defined as the acquisition of immunity in a naive subject as the result of the administration of immunologically activated lymphoid 
cells.34 The process of adoptive transfer of tumor-specific lymphocytes involves obtaining T-cells from the patient to be treated, culturing the T-cells in vitro to activate 
and expand them, and finally infusing them back into the patient. As alluded to above, T-cells that infiltrate solid tumor masses (e.g., melanomas and renal cell 
carcinomas) have proven to be a powerful source of tumor-reactive T-cells for adoptive cellular transfer. These T-cells, designated tumor-infiltrating lymphocytes 
(TILs), have been used successfully to treat patients with malignant melanoma. However, there are reasons why TIL transfer therapy has not seen wider application. 
For example, not all solid tumors are a source of TILs. In addition, administration of cytokines such as the T-cell growth factor IL-2 with the TILs is often necessary to 
maintain the T-cells in vivo, and it is often difficult to acquire enough autologous tumor cells to use as a source of tumor antigen for in vitro activation and expansion. 
One alternative is to collect lymph-node draining T-cells following immunization with autologous tumor and adjuvant, and to stimulate them in vitro with anti-CD3 (the 
signaling portion of the TCR) antibody. 35,36 This provides an effective method for generating sufficient numbers of tumor-reactive CTLs for adoptive transfer.



Active Specific Induction of Tumor Immunity

The identification of human tumor antigens and the availability of synthetic peptides representing selected immunogenic/immunodominant peptides from those 
antigens have made possible the generation of human tumor-specific CTLs. For example, repeated exposure of peripheral blood lymphocytes (PBLs) from melanoma 
patients to an immunodominant peptide from the shared melanoma antigen MART-1 (methods for antigen identification will be discussed below) resulted in the 
generation of CTLs that were from 50 to 100 times more potent in specific tumor killing than activated infiltrating lymphocytes harvested from the patients' tumors. 37 A 
separate study demonstrated the generation of CTL with specificity for the shared human melanoma antigen gp100 by in vitro stimulation of patient's PBLs with 
synthetic peptides representing CTL epitopes on gp100. 38 In addition, a number of studies demonstrated the feasibility of inducing tumor-reactive CTLs in vitro by 
coculturing PBLs from cancer patients with tumor cell lines expressing matched or autologous MHC-I antigens. 39,40,41 and 42 Most striking were the results from a recent 
clinical trial involving melanoma CTL-MHC-I peptides as a therapeutic vaccine administered to patients with advanced metastatic disease. Therapeutic-peptide 
vaccination resulted in a higher percentage of clinical responses (including complete responses) in patients than has previously been seen for any other therapy for 
melanoma.43

Indeed, this and other studies underway are clearly demonstrating the power and potential of therapeutic-peptide-based vaccines for the treatment of advanced 
cancer. In spite of the evidence for the existence of tumor-reactive CTLs in patients with cancer and in murine tumor models, as well as the potential of peptide-based 
therapeutic vaccines, most efforts to demonstrate an ongoing CTL response against tumor antigens in humans have failed. However, it is of the utmost importance to 
remember that in most murine tumor models (e.g., the Balb/c SV40 tumor model) the tumor of interest, though it expresses a highly immunogenic tumor-specific 
antigen (e.g., SV40 Tag) and MHC-I molecules, grows rapidly and aggressively in vivo, ultimately killing the immunocompetent host if an antigen-specific immune 
response is not present prior to or concurrent with tumor transplantation. 19

IMMUNOTHERAPY OF LUNG CANCER

Of all the malignant diseases that plague humans lung cancer is the number one killer, second only to heart-related illness in overall mortality. Despite newfound 
optimism for high-dose chemotherapy for certain types of lung cancer (namely, small cell lung cancer), 44 overall treatment options are limited. This seemingly 
desperate situation demands investigation into new treatments and reevaluation of treatments such as immunotherapy with the application of new advances in 
technology. Typically, tumor immunotherapies can be divided into nonspecific and specific approaches. Nonspecific therapies primarily involve the administration of 
bacterium or components of bacterium with the expectation that an ensuing inflammatory immune response will result in accompanying immunity against the tumor. 
Specific immunotherapy involves either the passive transfer of tumor-reactive immune cells or antibodies that target and destroy the tumor, or active induction of 
tumor-destroying immunity following injection (vaccination) with inactivated tumor cells or molecular components of tumor cells (antigens).

Nonspecific Immunotherapy

The nonspecific immunotherapy of lung cancer dates back to the 1970s and 1980s, with trials showing little to no benefit. 45 Most efforts focused on the administration 
of BCG or C. parvum with limited success clinically. More recently, O'Brien and colleagues began trials to evaluate the efficacy of treating lung cancer patients with a 
different species of Mycobacterium M. vaccae) devoid of toxicity, in combination with chemotherapy. 46

Administration of cytokines represents another arm of nonspecific immunotherapy for cancer. Cytokine therapy for lung cancer had its origin with the T-cell growth 
factor interleukin-2 (IL-2) administered alone or in combination with LAK cells. Interferons (IFN) have also been explored as possible nonspecific immunotherapies 
against lung cancer. In recent years, recombinant IFN-a has been reevaluated clinically as a maintenance therapy following chemotherapy. Overall, the use of 
nonspecific approaches of immunotherapy has been disappointing and the hope in such treatments has waned. As the use of nonspecific immunotherapy declines, 
efforts to target tumors actively and specifically with cytolytic immune responses is on the rise.

Passive Specific Immunotherapy

As alluded to above, passive immunotherapy has traditionally involved either the infusion of tumor-specific antibodies or transfer of tumor-reactive immune cells. For 
passive antibody therapy, monoclonal antibodies (mAb) have seen the greatest utility. Antibodies have been administered alone—for example, L6 mAh, which 
recognizes a surface carbohydrate antigen on non–small cell lung cancer (NSCLC) 47—or complexed to toxic molecules such as Pseudomonas exotoxin-A48 or ricin for 
(SCLC).49 Antibodies, for the most part, have not demonstrated much usefulness as therapies for lung cancer but remain valuable as diagnostic and prognostic tools.

The adoptive transfer of tumor-reactive immune cells into patients with advanced cancer was pioneered by Rosenberg and colleagues. 50 The earliest efforts involved 
the ex vivo expansion of lymphocytes in the presence of high-dose IL-2; the resulting effectors were designated lymphokine-activated killer cells or LAK cells. LAK 
cells behave somewhat like natural killer (NK) cells in that they are not MHC-restricted T-cells but do exhibit an increased propensity to kill tumor cells. In time, LAK 
cells were replaced by more potent, tumor-specific, MHC-I-restricted CTLs isolated from resected tumor following culture of the tumor in the presence of IL-2. Again 
pioneered by Rosenberg and colleagues, these CTLs, known as tumor-infiltrating lymphocytes (TILs), have demonstrated objective clinical responses when 
transfered into patients with malignant melanoma or renal cell carcinoma. 51 Gene therapy using cytokines is described in Chapter 17.

In the past, adoptive transfer trials for lung cancer involved LAK cells alone or with IL-2 or in combination with different chemotherapies. Though most these efforts 
were disappointing, it was reported by Kimura and colleagues, that LAK cells and IL-2 showed a significant survival benefit over radiotherapy, chemotherapy, or 
radiochemotherapy when administered to 105 randomized patients under going noncurative resection for lung cancer. 52 Adoptive transfer trials for melanoma have 
demonstrated that TILs are more potent that LAK cells; however, TILs have been difficult to isolate from malignancies other than melanoma (examples include breast, 
prostate, and lung cancer). A recent strategy to generate tumor-specific CTLs is to immunize patient with his or her own tumor cells in the presence of an 
immunostimulant such as the cytokine GM-CSF, then isolate and culture CTLs from the patient's draining lymph nodes or peripheral blood for expansion in vitro and 
subsequent transfer back to the patient.53 Small-scale studies to evaluate this strategy for the therapy of lung cancer are just beginning; time will reveal their 
usefulness. Because most of the more common and deadly tumors do not easily (if at all) give rise to TILs, and the generation of CTLs in vivo as alluded to above is 
labor-intensive, taking weeks to accomplish, much effort has turned to active specific immunotherapy involving tumor vaccines.

Active Specific Immunotherapy

Early studies demonstrated that immunization of mice with inactivated tumor cells resulted in protection from a subsequent lethal tumor challenge, prompted trials to 
evaluate whole-tumor-cell vaccines in lung cancer patients. This early approach to tumor vaccination usually involved injection of irradiated autologous or allogeneic 
tumor cells alone or with an adjuvant such as BCG (more recently cytokines such as GM-CSF have been used). Unfortunately, like the nonspecific immunotherapy 
approaches to treating lung cancer, whole-tumor vaccines have not produced very promising results. 54 One explanation is that there are components of a whole-tumor 
cell that are at the very least detrimental if not suppressive to concomitant immunity. In this light, much effort has turned to the development of molecularly defined 
tumor vaccines. For example, Garbrilovitch and colleagues have recently begun evaluation of lung cancer vaccines comprised of either mutated ras oncogene 
products or mutated p53 tumor suppressor gene products in an attempt to take advantage of the aberrant expression of these proteins in human lung cancers. 55 
These and other studies are beginning to reveal the importance of identifying tumor-associated antigens (TAA) toward their development as defined therapeutic tumor 
vaccines. (See Chapter 17.)

TUMOR-ASSOCIATED ANTIGENS

A hallmark of active immunity that has formed the foundation of the field of vaccinology (pioneered for infectious disease such as polio and smallpox) is the ability of 
the immune system specifically to target and destroy invaders or diseased cells while leaving adjacent healthy cells intact. Specificity arises from immune cell 
recognition of defined targets, or antigens, on diseased cells (as described above, T-cell antigens are comprised of a peptide in the groove of an MHC molecule). As 
mentioned previously, the first evidence for antigens on tumor cells came from the pioneering work of Foley and Prehn and Main. For decades since, researchers 
have hunted for evidence of tumor-associated antigens (TAAs) on human tumors with the hope of employing the power and specificity of the immune system 
specifically to destroy tumor cells. The premise was that if TAAs could be identified that were exclusively expressed on tumor cells, then the immune response could 
be manipulated against these TAAs much as had been demonstrated for infectious agents, namely viruses. In this light, the hunt for tumor viruses began.



Viral Proteins

Certain cancers are believed to be caused by viral infection, although a direct causal relationship is difficult to define. Some viruses considered to be associated with 
human malignancies include HBV with hepatocellular carcinoma, HTLV-I with T-cell lymphoma, EBV with Burkitt's lymphoma, and the human (HPV) with cervical 
papillomavirus carcinoma.56 Viruses by nature possess the ability to alter host cell function and directly influence the multi-step process that leads to transformation. 
Viral-induced transformation may occur through the induction of genetic aberrations resulting from physical interaction of viral DNA with the host genome or through 
viral gene products expressed following infection. Since viral infection (in permissive as well as nonpermissive hosts) often results in the expression of viral-encoded 
protein antigens, cancers with true viral etiologies or associations represent prime candidates for the development of targeted, specific, immunologic therapies ( Table 
16.1).

TABLE 16.1. VIRUS-ENCODED TUMOR-SPECIFIC ANTIGENS (TSA)

The foremost example of targeting viral antigens for the immunotherapy of human cancer is that of HPV and cervical carcinoma. Clinical studies of malignant lesions 
indicate that greater than 90% of cervical carcinomas contain HPV genetic sequences. 57 The induction of tumor-killing CTLs by vaccination with MHC-1 peptides from 
E6 and/or E7 has been demonstrated most notably in murine models for HPV-16–induced cervical carcinoma. 58 Taken together, such information has led to clinical 
trials involving the vaccination of cervical carcinoma patients with peptides from the E6 or E7 oncoproteins of HPV. A second virus from the papovavirus family, simian 
virus 40, has recently been implicated in several different human malignancies.

Simian virus 40-like DNA sequences (in particular the SV40 large tumor antigen, Tag, gene) have been amplified from human tumors of the bone (osteosarcomas), 
brain (ependymomas and glioblastomas), and mesothelium, with over 60% percent of ependymomas exhibiting expression of the SV40 Tag protein. 59 Further, reports 
have demonstrated that 60% of malignant pleural mesotheliomas (MPM) contain SV40 Tag genetic sequences and proteins. 60,61 The viral genes and gene products, 
though present in MPM tumors, could not be found in the normal mesothelium of the same patient. Studies involving other papovaviruses such as HPV as targets for 
immunotherapy of cervical carcinoma, along with data from murine models demonstrating the immunotherapeutic potential of SV40 Tag against Tag-positive tumors, 19

 suggest that SV40 Tag represents a shared tumor-specific antigen that may be a target for the immunotherapy of MPM in humans. In spite of the enthusiasm 
surrounding the immunologic targeting of HPV and SV40 for the therapy of certain human cancers, it has become clear that viruses do not represent candidates for 
immunotherapy in the majority of human malignancies.

Oncogene and Tumor-Suppressor Gene Products

The tumor immunology specters of tolerance and autoimmunity have historically driven TAA hunting in the direction of antigens that are “non-self,” such as viral 
antigens, or at least tumor-specific, such as mutated cellular proteins. With the dimming light of hope for finding tumor viruses to target in the more common human 
cancers (e.g., lung, breast, and prostate cancer), the next logical place to turn was to the proteins linked to the process of transformation and oncogenesis. Oncogene 
products provide the desired tumor-specific and also the potential for being a target that is shared among tumors of multiple histologies. The following are a few of the 
more common examples of TAAs from expressed oncogenes or tumor-suppressor genes.

The transmembrane tyrosine kinase HER2/neu has been demonstrated to be overexpressed in several clinically important human malignancies, including cancers of 
the breast, ovary, colon, and lung (see also Chapter 4). Although HER2/neu is expressed on some “normal” tissues and cells, it exhibits a significant increase in 
expression in some tumors compared to the corresponding normal tissue. This overexpression or upregulation has been demonstrated to be sufficient to elicit an 
immune response against HER2/neu. CTLs with specificity for HER2/neu epitopes have been identified in the peripheral blood of breast cancer patients, 62 and 
antibodies against an extracellular domain of HER2/neu have formed the basis for an antibody-based therapy, (Herceptin), recently approved by the FDA for certain 
breast cancers.

Oncogenesof the ras family are the most frequently expressed oncogenes in human cancers, including lung cancer (details on ras function and expression are 
covered in Chapter 4) Ras proteins that are involved in malignant transformation often differ from the normally expressed gene products by a single amino acid 
substitution. Studies have demonstrated that CTLs can be generated that recognize an epitope (containing a single amino acid substitution) on tumor cells that 
express mutated-activated ras, resulting in tumor protection in vivo.63 Though single amino acid substitutions limit the number of possible peptide epitopes that may 
drive CTL-mediated killing of corresponding tumors (particularly with respect to the differences in peptide motif specificities demonstrated for the various human HLA 
molecules), the data suggest that activated ras may be a shared TAA target for the immunotherapy of multiple human cancers. Yet another tumor-specific antigen 
derived from a mutation in the normal protein resulting in a single amino acid substitution is that of b-catenin. 64 This candidate TAA, a cell adhesion protein, was 
cloned from melanoma cells using TILs generated in vitro from a surgically resected melanoma.

Similarly, mutations in the tumor suppressor p53 have been identified in an increasing number of human cancers making it the leading shared TAA discovered for 
human malignancies to date.65 (See also Chapter 6). The single amino acid substitutions that comprise the increased immunogenicity of “mutated” p53 come with the 
same caution as that discussed above for mutated ras proteins, that is, they provide a limited number of potential targets for immunotherapy. However, a more recent 
study demonstrated that CTL immunity can be directed against nonmutated or “normal” epitopes in the p53 protein, suggesting that tolerance can be broken against 
p53, making it a more viable shared candidate TAA.66 Moreover, immunologic reactivity to normal p53, as well as other normal self TAAs to be discussed below, in the 
absence of apparent autoimmune-related pathology will expand the list of potential TAAs beyond that of foreign or tumor-specific/unique to include normal tissue 
differentiation antigens.

Antigens Cloned from Melanoma

The vast majority of TAAs discovered thus far for human cancers have been cloned from malignant melanoma. In general the melanoma antigens can be divided into 
two main categories. One group includes the MAGE, BAGE, and GAGE gene family of TAAs expressed on melanomas and a variety of other tumors, including lung 
cancers, but not on normal cells (the exception are the testes), 67 and the other group is comprised of normal melanocyte differentiation or lineage antigens (involved 
in skin pigmentation) which include tyrosinase, MART-1, gp100, and tyrosinase-related proteins-1 (TRP-1). 68 Several tumor antigens from each of the groups are 
currently being evaluated in clinical trials as therapeutic vaccines for melanoma (expanded on below).

Other Antigens

There are TAAs that have been identified and characterized that are distinct from viral proteins, mutated oncogenes, or the melanoma antigens discussed above (see 
Table 16.2.) The mucin family of genes and carcinoembryonic antigen (CEA) are examples of such TAAs. MUC-1 is a mucin found on malignant as well as normal 
ductal epithelial cells of the breast, ovary, pancreas, lung, and prostate. 69,70 Tumors will express a MUC-1 that is aberrantly glycosylated compared to MUC-1 on 
normal tissues. The altered glycosylation renders MUC-1 immunogenic, as has been demonstrated in animal tumor models. 71 CEA is normally silent in healthy adults 



but is expressed on many of the same tumors as MUC-1. This dual association 72 could lead to vaccine trials targeting CEA and MUC-1 in breast cancer patients.

TABLE 16.2. TUMOR ANTIGENS ASSOCIATED WITH HUMAN LUNG CANCER

In the past 5 to 7 years alone, great strides have been made toward the definition of relevant molecular targets on human tumor cells that may serve as TAAs for 
immunotherapy. Although the list of candidate TAAs has grown rapidly, it is nowhere near complete or inclusive of all malignancies. Yet, the growing list of TAAs on 
many human cancers has given investigators the necessary reagents to explore strategies of active immunotherapy against human cancer, namely therapeutic cancer 
vaccines.

CANCER VACCINES (TABLE 16.3)

TABLE 16.3. TUMOR VACCINE STRATEGIES

The twofold premise for the development of therapeutic cancer vaccines is that there are differences in tumor and normal cells—differences that are manifested as 
abnormally expressed genes (TAAs)—and that there exist in patients the immune cells (CTLs) capable of discriminating between the normal and tumor cells though 
TAA recognition, resulting in CTL-mediated tumor killing. It is reasonable to speculate that these conditions exist for all human tumors and the patients who harbor the 
disease. With candidate TAAs in hand (for a limited number of cancers) and empirical evidence that antigen-specific tumor-killing CTLs exist in cancer patients, the 
challenge for investigators is to use the TAAs to elicit therapeutic immune responses in patients. However, in order to expand the study of cancer vaccines beyond 
tumors such as melanoma, investigators are faced with an additional challenge; to develop methods for identifying TAAs in the more common cancers to include 
cancers of the lung (Table 16.3).

Whole-Tumor Cells

As alluded to above for the immunotherapy of lung cancer, trials with inactivated whole-tumor cells administered as vaccines have been at best disappointing. It has 
been surmised that the reason for the ineffectiveness of whole-tumor cell vaccines in humans is the lack of costimulatory molecules on tumor cells and/or lack of 
secretion of the cytokines necessary for activating professional APCs (e.g., dendritic cells). To this end, tumor cells have been modified to express costimulatory 
molecules such as B7.1, cytokines such as GM-CSF, TNF-a, IFN-g, or one of several interleukins. 73 Animal studies have demonstrated that immunization with 
GM-CSF–secreting inactivated tumor cells resulted in increased antitumor immunity in vivo.74 Data such as these have led to the recent evaluation of 
GM-CSF-modified tumor cells as vaccines for several human cancers, including renal cell carcinoma.

Proteins or Peptides

Purified protein vaccines against cancer have primarily consisted of artificially engineered tumors with model antigens in murine tumor systems, for example, solid 
tumors expressing ovalbumin (OVA)75 or the bacterial enzyme beta-galactosidase (b-gal). 76 Although these TAAs are completely artificial and the tumor models are 
irrelevant to real-life cancers, the information gained through these studies has and will continue to prove invaluable to the field of cancer vaccine development. 
Recombinant viral proteins (e.g., SV40 Tag and HPV) have also been tested as protein vaccines in animal tumor models. 77,78 Information gathered form these studies 
may be directly applied to human cancers with the corresponding viral association (see section on viral tumor antigens).

Synthetic peptide epitopes from cloned tumor antigens would be valuable for clinical trials for the following reasons: (a) peptides can be easily produced with minimal 
cost in large quantities that are stable and free of contaminating substances; (b) such peptides could be used to stimulate and expand CTLs from patients ex vivo for 
therapeutic transfer back to the same patient; (c) these anticancer CTL-inducing peptides could be developed as vaccines to be delivered parenterally for therapeutic 
treatment of cancer. A striking example is a recent clinical trial involving melanoma-derived TAA peptides as a therapeutic vaccine administered to patients with 
advanced metastatic disease. Peptide immunization resulted in a higher percentage of clinical responses (including complete responses) in patients than had 
previously been seen for any other therapy for melanoma. 43 Investigators are hopeful that peptide-vaccine studies currently underway will demonstrate the power and 
potential of therapeutic peptide-based vaccines for the treatment of cancer.

Nucleic Acids and Recombinant Viruses

Advances in recombinant DNA technology have ushered in some novel and exciting approaches for anti-cancer vaccine development, namely nucleic acid 
vaccination.79 Injection of plasmid DNA-encoding TAAs has been successful in inducing tumor immunity in animal models when administered either ballistically as 
DNA-coated gold particles80 or as “naked” DNA in saline. 16

Viruses have long been known to be potent inducers of CTL-mediated immunity. 81 Efforts to deliver TAAs as vaccines with the greatest potential for CTL induction 
have employed recombinant viruses. Some examples include recombinant adenoviruses that express murine homologues to human melanoma antigens 82 and 
recombinant pox viruses including vaccinia, canary pox, or modified vaccinia viruses (MVA). Recombinant vaccinia viruses expressing model tumor antigens have not 
only been successful inducing protective immunity to tumor challenge, but also in treating established tumors in mice. 83,84

Heat-Shock Proteins

A series of recent studies has revealed a new and potentially powerful source of TAAs as well as a novel strategy for vaccination against cancer. Srivastava and 



colleagues have demonstrated that heat-shock proteins (HSP) chaperone peptides from the cytosol of tumor cells to the endoplasmic reticulum, thereby playing an 
active role in the process of antigen presentation. More strikingly was their demonstration that purified heat-shock proteins (bearing peptides from intracellularly 
digested TAAs) effectively serve as vaccines against the tumor from which they were purified. 85 These studies have led to trials involving the extraction of HSPs from 
tumors resected from patients followed by therapeutic immunization with the purified HSPs.

Dendritic Cells

Dendritic cells (DCs) are arguably the most potent of antigen-presenting cells, expressing both MHC-I and MHC-II molecules, as well as a full complement of 
costimulatory molecules.86 Therefore it is not surprising that DCs have been a recent focus of experimental cell-based cancer vaccines. Briefly, DC-based tumor 
vaccines include: DCs pulsed with recombinant protein TAAs, synthetic peptides 87 or mRNA-encoding TAAs,88 DCs transduced with retroviruses expressing TAAs,89 
or DCs fused to tumor cells forming a DC-tumor hybrid cell vaccine. 90

CONCLUSION

The overall rise in cancer incidence, coupled with a high mortality rate for many forms of cancer, necessitates the need for alternative therapies for treatment and 
prevention. Immunotherapeutic strategies for cancer treatment represent attractive alternatives to standard protocols for the following reasons: (a) The immune 
system has the ability to recognize changes as small as a single amino acid in a complex protein as well as distinguish “normal self” from “non-self” or “diseased self,” 
thereby eliminating the overwhelming and sometimes fatally toxic side effects associated with most of the available conventional therapies. (b) The immune system is 
by nature systemic, that is, the cells and products of an immune response possess the ability to reach tissue sites harboring microscopic metastatic deposits of tumor 
cells not detectable or resectable using standard procedures. In this capacity immunotherapy holds great promise in the near future as a follow-up therapy for surgical 
resection of primary tumors. (c) Possibly the most powerful hallmark of the immune system is its unique ability to mount an amnestic response. This attribute has 
made possible, through vaccination, the eradication of deadly viral diseases such as polio and smallpox.

The widespread utilization of treatment modalities designed to induce an active immune response against human cancer has yet to be clinically realized. Progress to 
this end has been hampered, in part, by difficulties in identifying TAAs. With the exception of melanoma, very few candidate tumor antigens have been defined for 
human malignancies. Interestingly, the majority of melanoma antigens have been identified by screening cDNA libraries (generated from autologous or allogeneic 
melanoma cell lines) with CTLs from melanoma patients possessing melanoma-specific reactivities. The two key elements that made these antigen discovery efforts 
successful were melanoma cell lines and a source of “primed” T-cells from patients (e.g., TILs). Unfortunately, tumor cell lines have been difficult to generate for the 
more common malignancies (e.g., breast, prostate, and lung cancer), and the generation of TILs has not been convincingly demonstrated for any cancers other than 
melanoma (an exception might be renal cell carcinoma). Thus new approaches (Table 16-4) are needed to identify candidate TAAs for the more common cancers 
such as breast, prostate, and lung cancer.

TABLE 16.4. STRATEGIES FOR TUMOR ANTIGEN DISCOVERY

One approach is to screen libraries from tumor cells using tumor-specific antibodies from cancer patients. 91 Another is to use biochemistry and mass spectrometry to 
examine the peptide profile eluted from the MHC-I molecules expressed on tumor cells. 92 Finally, tumor-specific or upregulated TAAs could be identified by analysis of 
differentially expressed genes in tumor cells compared to normal cells of the same histology. This could be accomplished by (a) generating normal cell subtracted, 
tumor cell cDNA libraries (requires large amounts of mRNA, so normal and tumor cell lines are critical); (b) using serial analysis of gene expression (SAGE) 
techniques,93 or (c) differential display, RT-PCR94 (see also Chapter 1). Sequence information from cloned differentially expressed genes would allow investigators to 
test whether a series of candidate antigens are capable of stimulating PBLs to generate CTLs (via in vitro peptide stimulation) that are capable of killing the tumor 
cells from which the TAAs were originally cloned.

It is evident that a single shared TAA that could be applied against cancer in general does not exist. It is also becoming clear that there may be multiple candidate 
TAAs for any one type of cancer (as with melanoma). Taken together, this information supports the possibility of multiple TAAs that may be clinically useful for specific 
tumor immunotherapy. However, it is likely that the number of candidate TAAs is finite and definable for a given type of cancer. Future clinical application may consist 
of early detection screening, at which time a tissue specimen could be examined for expression (molecular biology techniques, perhaps microchip arrays) of any one 
or more of the defined TAAs for that type of cancer (see also Chapter 1). The patient could then be treated with a vaccine (made up of TAAs expressed by the tumor) 
at a time point where tumor burden (minimal, perhaps following resection of primary lesion) and immune status of the patient would not undermine the efficacy of the 
therapy and subsequent response.
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Lung cancer continues to be a major cause of cancer death all over the world. Despite recent advances in chemotherapy, radiation therapy, surgery, and a host of 
combinations of these, only relatively small real advances have been achieved in improving the likelihood of surviving lung cancer. Major advances, however, are 
being made in the field of molecular biology and the understanding of the genetic basis of this disease, and the hope is that this information will ultimately lead to 
rationally designed treatments that improve the outcomes of lung cancer patients. Gene therapy is an early attempt at utilizing molecular biology in lung cancer 
therapeutics, and the status of the field and its specific application to this disease will be reviewed in this chapter.

Gene therapy is the treatment of cancer using genetic material as a therapeutic agent. The basic approaches of gene therapy can be broadly classified into one of two 
groups: (a) modification of the host response to the tumor, for example by inducing immunity or altering angiogenenic responses, or (b) production of a direct 
antitumor action in which the introduced genetic material directly affects the cancer cell to halt its growth or kill it. These two approaches will be discussed separately.

MODIFICATION OF HOST RESPONSES TO TUMORS

Improving Immunologic Recognition

During the process by which a normal cell becomes a neoplastic cell, a series of genetic lesions occur that result in the loss of normal growth regulation and the 
acquisition of the ability to avoid immune surveillance. Many of these genetic lesions directly or indirectly result in the expression of potential tumor antigens. 
Cytotoxic T-cell responses specific for several of these can be detected or artificially induced, but it is very clear that clinically evident tumors have managed to avoid 
induction of an effective immune response. Gene therapy techniques can be used to deliver biologically active genes intended to alter the tumor's local immunologic 
microenvironment, increasing the immunogenicity of cancer cells or the responsiveness of T-cells, improving antigen presentation, or providing missing paracrine 
factors.

MHC Molecules

The chromosomal region containing the MHC was originally identified because of the ability of genes in this region to mediate transplant rejection as well as to control 
the immune response of mice and guinea pigs to simple antigens (see also Chapter 16). The analogous genetic region in humans was subsequently shown to encode 
the genes called the human leukocyte antigens, or HLA molecules. The proximate function of the HLA molecules encoded within the MHC is the presentation of 
antigenic peptides to T-cells. HLA class I and class II molecules are cell surface glycoproteins, anchored to the membrane by hydrophobic transmembrane segments. 
HLA class I molecules bind to endogenously synthesized peptide fragments and present them on the cell surface for recognition by the T-cell receptor (TCR) on CD8+ 
T-cells. HLA class II molecules are primarily involved in presenting foreign antigens to CD4+ T-cells during the initiation and propagation of the immune response. 
HLA class I molecules are distributed widely among most somatic cells of the body, with the exception of red blood cells. Class II molecules have a much more 
restricted tissue distribution, generally limited to cells of the immune system such as B cells, macrophages, dendritic cells, and some subsets of T-cells. Class II 
interaction induces the production of cytokines necessary for the expansion of cytotoxic effectors.

Tumor cells have some level of expression of MHC class I molecules on their surface, but in many tumor cells expression of MHC may be low. Allogenic MHC class I 
genes have been introduced into tumor cells, and this results in the expected induction of allo-MHC-specific cytotoxic T-cells. Importantly, responses against 
endogenous tumor antigens are also induced. The allo-MHC-specific T-cells presumably assist in the generation of T-cells specific for previously silent tumor-specific 
antigens by producing cytokines in the tumor microenvironment. In a murine lung cancer system (3LL/3) from C57BL/6 mice (MHC type H-2 b), transfection of the 
allogenic MHC molecule H-2Ld caused a reduction in tumorigenicity and protection against unmodified 3LL/3. 1 Plautz and colleagues2 showed that expression of a 
murine class I H-2Ks gene in CT26 mouse colon adenocarcinoma (H-2Kd) or MCA 106 fibrosarcoma (H-2Kb) induced a cytotoxic T-cell response to H-2Ks and, more 
importantly, to other antigens present on unmodified tumor cells which had not been recognized previously. Recently, allogenic MHC transfection has been applied to 
humans with HLA-B7 gene transfer. Nabel and colleagues3 reported the reduction of tumor size in a melanoma patient after the direct gene transfer of an HLA-B7 
gene in a liposome complex. Clinical protocols of HLA-B7 gene transfer by lipofection in advanced cancer including melanoma, renal cell cancer, and colon cancer 
have shown immune responses and tumor shrinkage.4,5,6,7,8,9 and 10 Shrinkage of noninjected tumors was also reported in some of these studies.

Therapeutic transfection of syngeneic MHC class I and II molecules has been attempted in several different tumor model systems. Transfection of syngeneic MHC 
class II (A) in sarcoma cells induced an immune response against both transfected tumor cells and nontransfected tumor cells. 11 This finding suggests that transfected 
MHC class II molecules can induce T-helper cells specific to nontransfected tumor cells as well.

Low MHC class I molecule expression in some tumors may lead to decreased presentation of tumor-specific antigens on the cell surface, which could be one 
mechanism for their escape from immune surveillance. Transfection of syngeneic MHC class I molecules could induce or increase the presentation of endogenous 
peptide fragments derived from tumor-specific antigens, leading to generation of CD8+ CTLs specific for parental tumor antigens. Once induced, this response can 
cause recognition and lysis of nongene modified cells with lower levels of MHC expression. Increased MHC class I expression on tumor cells may thus result in 
enhanced immunogenicity and decreased tumorigenicity of tumor cells. Plaskin and co-workers 12 showed that high expression of a transfected H-2Kb MHC gene in 
highly metastatic Lewis lung carcinoma cell (3LL) resulted in the conversion of a high metastatic phenotype to a nonmetastatic or low-metastatic phenotype and 
protection against the metastatic spread of 3LL.

Costimulatory Molecules (B7)

For the induction of T-cell–dependent cellular and humoral immune responses, there is a requirement for two different types of stimuli. The first is antigen-specific 
engagement of the T-cell receptor (TCR) with the antigen/MHC complex, and the second is the antigen-independent stimulation of another set of receptors called 
costimulatory molecules. This second signal is transmitted by the antigen-independent binding of costimulatory molecules on antigen-presenting cells (APC) with their 



corresponding receptors on T-cells. This signal is required to induce primary T-cell proliferation and other effector functions of the immune response.

The most extensively characterized costimulatory molecules are CD28 and CTLA-4 on T-cells and their ligands, CD80 (B7/BB1, B7-1) and CD86 (B70, B7-2), on 
professional APC. Ligation of CD28 on T-cells by its counter-receptors, CD80 (B7-1) and CD86 (B7-2), leads to the secretion of cytokines such as IL-2 and induces 
cytolytic T-cells. One of the reasons that professional antigen-presenting cells such as dendritic cells are such potent inducers of immunity is the high levels they 
express of both MHC and costimulatory molecules. Tumor cells may have tumor-specific antigens and MHC class I expression but only rarely express B7, and thus 
are extremely poor direct inducers of immune responses. The rationale of transfection of B7 into tumor cells is to provide or supplement the necessary costimulation 
for effective immune induction. Townsend and colleagues 13 demonstrated that B7-transfection into MHC class I and II positive melanoma induced the rejection of 
tumors in vivo. This rejection was mediated by CD8+ T-cells and did not require CD4+ T-cells.

Kato and co-workers14 augmented the antitumor effect against existing tumors by the combination of B7 and interleukin 12 (IL-12) gene transfer, and found that these 
modified tumor cells could induce the rejection of metastatic tumors in syngeneic mice. They first transfected mouse lung carcinoma 3LL with mouse B7 using a 
plasmid vector and established transfectants expressing cell surface B7 (B7/3LL). Subsequently, interleukin-12 (IL-12) was transduced into these cells using retroviral 
vectors encoding two subunits of murine IL-12—p35 and p40 respectively—generating stable transfectants producing IL-12 (IL-12/3LL and IL-12/B7/3LL). Four weeks 
after 3LL inoculation, lung metastasis was significantly reduced, with a mean metastatic colony number of 55.2 with B7/3LL compared to 23.8 with IL-12/B7/3LL. 
These results indicate that potent therapeutic antitumor immunity can be induced by combination of costimulatory B7 and IL-12, and that this approach could 
potentially be useful for cancer gene therapy.

Carcinoembryonic antigen (CEA) is an oncofetal protein expressed by many adenocarcinomas, including those of lung origin. Recently, cotransduction of recombinant 
vaccinia virus expressing RVB7-1 and one expressing CEA (RV-CEA) resulted in CEA-specific T-cell responses and antitumor immunity against a murine carcinoma 
expressing human CEA. These findings suggest that B7 increased the immunogenicity of CEA. 15 B7 transduction into murine fibrosarcomas expressing a p53 
mutation resulted in the induction of mutant p53-specific CTL and loss of tumorigenicity as well as protective immunity against challenge by untransduced tumors. 16 
Similar induction of immunity was found for the P1A epitope in the P815 (murine plasmacytoma) tumor model. Another study demonstrated that B7 and CD28 
interaction provide costimulatory signals not only for T-cells but also for natural killer (NK) cells. 17 Tumor cell resistance to NK cells is associated with high expression 
of MHC class I molecules; B7:CD28 interaction induced by B7 transfection can overcome the MHC class I–mediated inactivation of NK cells, increasing their 
tumoricidal activity. All of these studies provide the experimental groundwork for attempts to utilize B7 in cancer gene therapeutic approaches.

Cytokines

Since the 1970s, immunotherapy against lung cancers using cytokine-gene–modified cancer cells has been studied as a novel approach for anticancer 
immunotherapy in many laboratories. Rosenberg was the first to report that systemic administration of IL-2 with or without in vitro expanded autologous 
lymphokine-activated killer cells (LAK) in advanced cancer patients was associated with significant antitumor responses. 18 However, the toxicities of systemic cytokine 
administration interfered with the popularization of this approach. To avoid systemic side effects and, more important, to approximate normal physiological conditions, 
gene therapy has been used to insert cytokine genes into tumor cells and induce local production of cytokines in the vicinity of tumors. These altered immunological 
microenvironments are then postulated to provide favorable conditions for host immune detection of tumor cells and previously unrecognized tumor-specific antigens. 
Effective recognition of these antigens and induction of a response can therefore allow detection and killing of nongene-modified tumor cells with the same 
tumor-specific antigen, even though they may be located far from the site of gene modification.

A number of cytokines have been tested for efficacy in animal models of cytokine gene therapy. IL-2, IL-4, IL-6, IL-7, IL-12, IFN-g, TNF-a, G-CSF, and GM-CSF, 
among others, have been investigated. Basic experiments revealed that the subcutaneous injection of cancer cells modified by cytokine genes such as IL-2, 19,20,21 and 

22 IL-4,21,23,24 IL-6,25 IL-7,26 GM-CSF,27 IFN-a, b, g,19,22,28 and TNF29 induced tumor-specific immunity.

IL-2 in particular has been investigated extensively. Fearon and associates 30 demonstrated that IL-2 cDNA transfected into murine colon carcinoma (CT26) resulted in 
the loss of tumorigenicity and bypassed deficient T-helper function in the generation of an antitumor response. Ley and colleagues 31 showed that IL-2–transfected 
murine mastocytoma (P815) cells induced P815-specific CTL which led to regression of established tumors. Using a highly malignant and poorly immunogenic Lewis 
lung carcinoma, IL-2 production by retrovirally transduced tumor cells induced antitumor CTL and eliminated the generation of lung metastasis. 32 In natural immune 
responses, IL-2 is produced by CD4+ T-cells activated by the binding of TCR and antigens presented by MHC class II molecules on APC. Secreted IL-2 will activate 
CD8+ T-cell precursors to cytotoxic T-cells. IL-2 secretion by gene-modified tumor cells may activate CD8+ T-cells directly, bypassing T-helper cells. IL-2 can 
overcome defects in signal transduction of T-cells of tumor-bearing patients caused by the decreased levels of p56 lck, and p59fyn.33 Early-phase clinical trials of IL-2 
cytokine gene therapy have been performed, and immune responses as well as disease stabilization have been reported. 34,35,36,37,38,39 and 40

IL-4 also shows antitumor effects in animal tumor models. IL-4 is produced by Th2 subset of helper T-cells and mast cells, and has many functions. It can induce LAK 
cells, stimulate B-cell proliferation and maturation, and activate endothelial cells to express vascular cell adhesion molecules. 41 Tepper and co-workers42 
demonstrated that IL-4 production from transfected tumor cells had antitumor effects in various tumor cell lines. This effect is blocked by anti–IL-4 antibody related to 
the level of the production, and is evident in nude mice. Infiltration of the transduced tumor site with macrophages and eosinophils suggested that inflammatory 
mechanisms were involved.

IL-6 is the pleiotropic cytokine that can stimulate the differentiated functions of B-cells and T-cells and induce the production of mature myeloid cells and 
megakaryocytes.43 IL-6 has antitumor effects on murine models of lung cancer. The immunization of inactivated, IL-6–transfected Lewis lung carcinoma cells induced 
antitumor CTL and reduced the metastatic potential of these cells. 25

IL-7 is a bone marrow stromal-cell–derived cytokine that stimulates pre–B-cell expansion. IL-7 also functions as a growth factor for thymocytes and CD4+ and CD8+ 
T-cells. IL-7 can enhance the antigen presentation indirectly by increasing expression of costimulatory cell adhesion molecules such as ICAM-1 and inhibit the 
production of immunosuppressive cytokines such as TGF-b. 44 The production of IL-7 by retroviral transduction in fibrosarcomas can decrease tumorigenicity and 
induce protective immunity against unmodified tumor challenge, and IL-7 transduction of immunogenic tumors can cause the regression of established lung 
metastasis.26 A clinical trial of cytokine gene therapy with IL-7 is planned in lung cancer, but no preliminary results are available.

Interferon-g produced by activated T-cells can modulate the immune response in a number of ways. IFN-g can induce MHC class I and II molecules which will 
increase the presentation of antigen on the cell surface, and can induce the activation of macrophages. 45 Low expression of MHC molecules on tumor cells is one 
postulated mechanism by which tumors escape from host immune surveillance. Increased expression of MHC molecules by IFN-g should increase the presentation of 
tumor-specific antigens and assist the induction of antigen-specific CTL. Transduction of a weakly immunogenic tumor (CMS-5) by retroviral IFN-g induced the 
abrogation of tumorigenicity and persistent and specific antitumor immunity against the unmodified CMS-5 challenge. 46 The effect of IFN-g has also been 
demonstrated in the 3LL mouse lung cancer model. Retroviral IFN-g gene insertion into poorly immunogenic 3LL-D122 showed a significant decrease in 
tumorigenicity and metastatic potential, and induced tumor-specific CTL when modified tumor cells were injected after irradiation. 28

Tumor necrosis factor has direct cytolytic effects on tumor cells and attracts and augments the tumoricidal activity of macrophages. 47 Systemic administration of TNF, 
however, was too toxic to achieve significant in vivo antitumor effects. Local production of TNF-a by retroviral transduction into the TNF-insensitive tumor cell line 
(J558L) drastically suppressed tumorigenicity in a syngeneic animal, even though it did not appreciably affect growth in vitro.48 Administration of an anti–type-3 
complement factor receptor to block the migration of inflammatory cells abolished the antitumor effects of TNF-a, which suggested the involvement of an inflammatory 
mechanism including the activation of macrophages.48 The antitumor effect of TNF-a was also proven in human lung cancer cell lines, even though most human tumor 
cells are resistant to TNF-a. Insertion of human TNF-a cDNA into several human lung cancer cells resulted in decreased tumorigenicity in nude mice. 49 Furthermore, 
injection of a mixture of 50% gene-modified and 50% parental cells also showed decreased tumor formation. These data suggest that local production of TNF-a can 
induce antitumor effects on human lung cancer cell growth, and every tumor cell need not be gene-modified to produce local antitumor effects.

GM-CSF appears to be one of the most active cytokines in the induction of antitumor immunity. In a comparison of the efficacy of a number of cytokines using 
retroviral vectors, GM-CSF demonstrated the most potent, specific, and long-lasting antitumor immunity. 27 The antitumor immunity induction after gene therapy with 
GM-CSF was dependent on both CD4+ and CD8+ T-cells. This activity may be related to its ability to promote the differentiation of hematopoietic precursors to 
dendritic cells and other professional antigen-presenting cells. 50 Because culture and stable transduction of human tumors are problematic, “paracrine” GM-CSF 
release from gelatin-chondroitin microspheres mixed with irradiated tumor cells was tested and found to evoke antitumor immunity comparable to a 



GM-CSF–transduced tumor vaccine.51 We have designed and produced an adenovirus-GM-CSF vector that also overcomes many of the limitations of in vitro culture 
of primary human tumors. Transduction of 3LL with this adenovirus-GM-CSF vector eliminated its tumorigenicity and induced tumor-specific CTL and the regression of 
established 3LL tumors.52 Furthermore, we showed that this was associated with an increased number of dendritic cells in the tumor vaccine injection site. Simons 
and co-workers reported the result of a phase I trial of renal cell carcinoma vaccine transduced with GM-CSF. They showed the infiltration of dendritic cells and 
delayed type hypersensitivity reaction with one partial response. 53

IL-12 is a new cytokine with dramatic antitumor effects and relatively modest systemic toxicity in animal models. IL-12 has the ability to promote the differentiation of 
uncommitted T-cells to Th1 cells, thought to be key to the production of effective antitumor immunity. 54 IL-12 also activates the CD8+ T-cells and NK cells and 
generates LAK cells.55 Tahara and colleagues56 demonstrated that IL-12-retroviral transduction of murine sarcomas showed suppression of tumorigenicity, induction 
of protective antitumor immunity, and suppression of preinjected nontransduced tumors. This group has also completed a phase I trial of IL-12–transduced autologous 
fibroblasts.57 The efficacy of IL-12 was confirmed when delivered via recombinant vaccinia virus 58 and adenovirus.59 In addition, IL-12 transduction of dendritic cells 
may improve their function in cancer patients.

To improve and facilitate the clinical application of cytokine gene therapy, several modifications of the published animal model tumor systems are being evaluated. 
Most animal studies and some human trials have used in vitro cultured autologous tumor cells as targets for gene transfer. In practice this approach has serious 
limitations in a clinical setting, in that generating an autologous tumor-cell line from each patient's tumor is difficult, expensive, and time-consuming, and not possible 
in many circumstances. However, the key to cytokine gene therapy appears to be the production of appropriate cytokines in the vicinity of tumors, and not necessarily 
from tumor cells themselves. Several types of cells have been used for gene transfer, including fibroblasts, tumor infiltrating lymphocytes (TILs), endothelial cells, 60 
and dendritic cells. Transduction of fibroblasts has many advantages over transduction of autologous cancer cells, as they can be obtained from skin biopsies, grow 
easily in culture for many passages, and can be efficiently transduced with viral vectors in vitro. Fakhrai and colleagues 61 showed that immunization with a mixture of 
irradiated tumor cells and IL-2–transduced fibroblasts induced protective antitumor immunity and remission of established tumors. A similar result was reported for 
IL-12.62

Further improvements in immune effectors to increase cytotoxicity have been explored. Various protocols based on gene transfer into tumor-infiltrating lymphocytes 
(TILs), tumor cells, or fibroblasts to express cytokine genes have been initiated. TILs are lymphocytes within a tumor mass which have localized to the tumor. 
Rosenberg and co-workers63,64 have utilized TNF-gene–transduced autologous TILs in advanced cancer patients and demonstrated enhanced antitumor effects with 
less toxicity than systemic administration. Transduction with chimeric T-cell receptor and antibody has the potential to improve targeting and killing by these effectors 
as well.64

To augment antitumor effect, a combination of two different immunogenes has been used to obtain a synergistic effect. Kato and co-workers 65 transfected mouse B7 
and/or IL-12 into mouse lung carcinoma 3LL. CTL activity induced by the inoculation of IL-12/B7/3LL was increased about tenfold compared to parental 3LL 
inoculation. Four weeks after 3LL inoculation, lung metastasis was significantly reduced by IL-12/B7/3LL postinoculation, indicating that potent therapeutic antitumor 
immunity can be induced by combination with costimulators B7 and IL-12. Combination of syngeneic MHC class I transfection and IL-2 transduction in the mouse 
melanoma cells also showed synergistic effects on the eradication of established lung metastasis by the combined effects of efficient CTL induction and NK/LAK 
activity compared with single-gene–modified tumor cells. 66,67

Genetic Immunization

For defined target antigens, induction of epitope-specific immunity has typically been accomplished using synthetic peptides. 68,69 A variety of strategies have been 
employed to enhance the efficacy of peptide-based vaccines because the use of peptides as immunogens is complicated by their weak inherent immunogenicity and 
variable chemical and physical properties. 70,71,72 and 73 The chemical and physical problems of protein-or peptide-based vaccines can be avoided by the use of “genetic 
vaccines,” purified plasmid DNA expression vectors encoding the entire cloned open reading frame of proteins introduced into living animals. These DNA vaccine 
vectors may generate substantial humoral and cellular immunity with little or no toxicity. 74,75,76,77 and 78 We have shown the induction of T-cell epitope-specific (mutant 
p53) cellular immune responses and antitumor effects after introduction of a “genetic epitope” vaccine consisting of an expression cassette containing only an 
oligonucleotide coding for the desired epitope. 79 In this study we used a particle gun which traumatically delivers microscopic gold particles coated with the plasmid 
DNA into the shaved skin of living animals. A plasmid vector containing the adenovirus E3 leader sequence was constructed, which facilitates transport of the mutant 
p53 epitope into the endoplasmic reticulum, showing that it can be important for optimal CTL induction and tumor-protective immunity. The use of epitope-minigene 
genetic vaccines may thus have significant potential for the induction of responses against identified T-cell epitopes in tumors. Direct mechanical introduction of 
genes into the skin is also effective. 80

When genes are introduced into the skin or tissues to induce immunity, it is very likely that the cell that is responsible for induction is the dendritic cell or its cutaneous 
counterpart, the Langerhans cell (see also Chapter 16). Dendritic cells (DCs) are the most effective antigen-presenting cells (APCs) and another important target for 
gene therapy directed at induction of antitumor immunity. Defective antigen-presenting function of DCs in advanced cancer patients has been demonstrated, and 
vascular endothelial growth factor (VEGF) produced by tumor cells is one of the factors responsible for this defective DC function. 81 DCs also have the ability to 
produce several cytokines that are critically involved in tumor antigen presentation by APC. DCs can be generated from human peripheral blood cells cultured with 
GM-CSF and IL-4. Due to their pivotal role in the induction of immunity, DCs are an important target for cancer gene therapy. Unfortunately, transfection into DCs is 
not easy. Retrovirus, liposome, and calcium phosphate have been used with low transfection rate. Adenovirus has shown the better transduction rate into DCs. 82 
Polylysine-modified adenovirus has also been shown to be effective. 83 A variety of antigens have been transduced into dendritic cells, and this results in highly 
efficient induction of immunity. 84 Transduction of tumor-specific antigen (MART-1) by adenovirus could induce melanoma-specific CTL. 85,86 Minigenes encoding 
mutant forms of p5387 or wild-type p53-expressing adenovirus-transduced DCs88 have been able to induce specific CTL. Transduction of cytokine genes such as IL-12 
could also be a powerful method to induce tumor-specific CTL. 89

To date, many protocols have been conducted or are underway worldwide designed to augment the immune response against cancers by gene therapy (i.e., by 
vaccine or direct cytokine or costimulatory molecule gene transduction). It remains to be seen whether the theory developed in animal models can be successfully 
applied to the therapy of human cancer. It is likely, however, that combinations of approaches along with vaccine therapy will be the most successful, especially those 
that are aimed at reversing cancer-associated immune defects.

Antiangiogenic Gene Therapy

Of the approximate 200 gene therapy trials currently underway, about half target the cancer cell. These strategies include the introduction of genes that (a) produce a 
toxic molecule when expressed in tumor cells, (b) attempt to correct or prevent a genetic mutation, (c) attempt to make tumor cells more sensitive to chemotherapeutic 
drugs, and (d) increase the immunogenecity of tumor cells. Another emerging branch of gene therapy focuses on tumor antiangiogenesis. While most gene therapy 
protocols directed against cancer must overcome (a) the limitations of access to tumor cells, (b) varying populations of tumor cells, (c) selection of resistant cells, and 
(d) dependence on cell cycling, antiangiogenic gene therapy is directed against the endothelial cells that are recruited to provide blood supply to the developing 
tumor. Antiangiogenic gene therapy is attractive because it has potentially less systemic toxicity, does not require that the gene enter the tumor cells, is independent 
of growth fraction or tumor cell heterogeneity, and does not induce drug resistance. 90

Strategies for antiangiogenic gene therapy include local versus systemic therapy. In a review of this subject, Kong and Crystal 91 argue that this approach should be 
used exclusively in a local or regional setting. This argument rests on the possibility that (a) the bystander effect of antiangiogenic gene therapy may be greater than 
other forms of gene therapy directed only against the cancer cell, and (b) potential side effects of systemically administered antiangiogenic gene therapy may be 
avoided. Potential systemic side effects include delayed wound healing and effects on endometrial maturation and neonatal growth; however, some data suggest that 
these side effects are dependent on the specific gene used. 92,93 and 94

Lin and colleagues report on studies investigating Tie2, an endothelium-specific receptor tyrosine kinase known to play a role in tumor angiogenesis. 95 An adenoviral 
vector was constructed to deliver a recombinant, soluble Tie2 receptor capable of blocking activation of the Tie2 receptor on endothelial cells. Plasma concentration 
of the soluble receptor was maintained for about eight days, and growth of two different primary tumors was significantly inhibited following a single injection of the 
Tie2 adenovirus. Mice that were coinjected with tumor cells and the Tie2 adenovirus developed few grossly apparent metastases compared to numerous large, 
well-vascularized lung metastases in mice that received a control virus.



Several studies have demonstrated that interference of VEGF-mediated angiogenesis with either anti-VEGF antibodies 96,97 and 98 or antisense99 is sufficient to inhibit 
tumor growth and metastasis (see also Chapter 11). Goldman and associates also report on studies in which tumor cells were transfected with cDNA encoding the 
native soluble FLT-1–truncated VEGF receptor, which can function by sequestering VEGF and by forming inactive heterodimers with membrane-spanning VEGF 
receptors in a dominant negative fashion. 100 Transient transfection of the truncated FLT-1 receptor significantly inhibited the implantation and growth of human 
fibrosarcoma cells in nude mice. Survival was also significantly improved in mice injected intracranially with human glioblastoma cells stably transfected with the 
FLT-1 dominant negative receptor.

As with most forms of gene therapy, limitations exist to these approaches using antiangiogenesis vectors. The adenovirus typically yields only short-term expression 
that limits its use for antiangiogenic therapy. Newer vectors, including adeno-associated virus and lentivirus, under development should increase expression to weeks 
or months. If the concerns surrounding systemic therapy are satisfied through further studies, antiangiogenic gene therapy could become an important adjunct 
therapy, for example following surgery to prevent recurrence or metastases, in combination with conventional chemotherapy, vaccine therapy, immunotherapy, or 
other types of gene therapy.

Drug Resistance Genes

Various groups are attempting to enhance marrow protection during chemotherapy by transducing the multiple drug resistance gene (MDR1) into normal bone marrow 
or blood-derived stem cells. The MDR1 gene produces p-glycoprotein, which functions as a cellular efflux pump and may be responsible for the resistance of some 
tumor cells to various hydrophobic cytotoxic drugs. Insertion of the MDR1 gene into normal marrow stem cells produces a population of cells that can be selected for 
resistance to a systemically administered chemotherapeutic agent and thus permit higher doses of chemotherapy to be given with less toxicity and more efficacy. 
Retrovirus-mediated expression of the DNA repair protein O-methylguaonidine-DNA-methyl-transferase protected mouse primary hematopoietic cells from 
nitrosourea-induced toxicity. Marrow from mice expressing methotrexate-resistant dihydrofolate reductase was protective against methotrexate toxicity in recipient 
syngeneic mice. Breast and ovarian cancer protocols using MDR1 alteration have been initiated using Pac (Taxol) as the chemotherapeutic agent. This approach 
does have the disadvantage of higher doses of medications, may not infer higher response, nonhematologic toxicities may be dose-limiting, and the therapy may be 
complicated by the prior contamination of the marrow with the tumor cells.

DIRECT-ACTING GENE THERAPY

Genetic abnormalities have been found in the cancer cell that functionally contribute to the process of carcinogenesis. Introducing genetic material can directly inhibit 
tumor growth by replacing a damaged tumor-suppressor gene, decreasing the expression of activated or overexpressed dominant oncogenes, or by introduction of an 
enzymatic activity that confers sensitivity to an otherwise nontoxic drug.

Tumor-Suppressor Gene Therapy

Recent advances in the cellular and molecular biology of lung cancer have identified many genetic alterations that represent potential new molecular targets for 
cancer therapy.101 Cells are chronically faced with decisions to divide, differentiate, or undergo programmed cell death (apoptosis). Two major classes of genes are 
known to affect this process: dominant oncogenes and recessive oncogenes (tumor-suppressor genes). Protooncogenes (the normal homologues of dominant 
oncogenes) participate in critical cell functions, which include signal transduction and transcription. Only a single mutant oncogene allele is required to induce 
malignant transformation. Modifications of the dominant oncogenes that confer gain of transforming function include point mutation, amplification, translocation, and 
rearrangement. Tumor-suppressor genes that are frequently found to be mutated in lung cancer include p53, usually altered by a point mutation combined with loss of 
the associated wild-type allele, or RB, which is usually inactivated by deletions.

Tumor-suppressor gene products appear to play a role in governing proliferation by their regulation of transcription and cell-cycle control (see also Chapter 2). 
Replacement of inactivated tumor-suppressor genes by gene therapy has been extensively investigated, and several tumor suppressors are potential candidates for 
this approach. The inactivation of p53 may be the most common genetic alteration in human tumors and is found in human lung cancer with high frequency. 102,103 The 
p53 gene encodes a nuclear phosphoprotein which controls cell proliferation and suppresses neoplastic transformation. The wild-type (wt) p53 protein delays S-phase 
entry in the case of DNA damage, allowing for DNA repair and preventing the propagation of mutations and chromosomal rearrangements to the next cell 
generations.104,105 Normal cells tolerate this cycle arrest, but cancer cells that are driven by activating mutations in dominant oncogenes undergo apoptosis and die. 
Thus in order for cancer cells to survive, they often mutate p53 and are thus resistant to this sort of apoptotic cell death. One copy of the chromosomal region 17p13 
which contains p53 is frequently deleted in both small cell lung cancer (SCLC) and non–small cell lung cancer (NSCLC), and mutational inactivation of the remaining 
allele occurs in more than 90% of SCLC and 50% of NSCLC.102,103 and 104,106 The complexities of the three-dimensional structure of the p53 tumor-suppressor gene 
product and the radical changes in this structure induced by a single point mutation makes it extremely difficult to restore its function with pharmaceuticals. Thus the 
basic concept of tumor-suppressor gene thereapy utilizing p53 is to reintroduce a functionally active copy of the defective genes in the cancer cell by direct gene 
transfer to directly induce cell death by apoptosis. Reintroducing a wild-type p53 gene into lung cancer cells, including bronchioloalveolar lung cancer (BAC), 
dramatically inhibits tumor cell growth and promotes tumor cell death despite the presence of mutations in multiple other genes. 106 Preclinical in vitro and in vivo 
murine studies in head and neck cancer and NSCLC demonstrated a significant antitumor effect of Ad- p53. Replacement of p53 via retroviral vectors to human lung 
cancer cell lines with mutated p53 resulted in stable expression of p53 protein and apoptosis in vitro.107,108 In an orthotopic lung cancer model produced by 
intratracheal inoculation of human lung cancer cell lines into immunodeficient mice, direct intratracheal administration of retroviral-wt p53 expression vectors inhibited 
tumor growth.109 The difficulties associated with retroviruses have led most investigators to use a recombinant adenovirus. Initial experiments in which the H358 (a 
p53-null BAC cell line), H322 (p53 mutant), and H460 (p53- wild-type) human NSCLC cell lines were treated with Ad-p53 resulted in significant inhibition of cell growth 
in the H358 and H322 lines.110 Direct peritumoral injection of adenovirus-p53 also inhibits solid tumor growth in nude mice. 111 In these studies, the antitumor effect of 
p53 introduction appears to be primarily cell-cycle arrest followed by the induction of apoptosis.

Several human clinical trials are under way using wild-type p53. A trial of retrovirus expressing wild-type p53 directly injected into NSCLC endobronchial or 
intrapulmonary nodules has recently been completed at MD Anderson. 112 The results from the first nine patients on the retroviral p53 protocol have been reported. All 
nine patients (median age 68 years: range 51 to 73 years) had a history of primary NSCLC carcinoma. Of these nine patients, four had recurrent endobronchial lesion 
(three squamous cell carcinomas and one adenocarcinoma) and were treated with bronchoscopic injections of the retroviral p53 expression vector ITRp53A. Another 
four patients had chest wall lesions (two large cell carcinomas, one squamous cell carcinoma, and one adenocarcinoma) and were treated with percutaneous injection 
under CT or fluoroscopic guidance. The ninth patient had a left adrenal metastasis from a large cell carcinoma, which was treated with percutaneous injection of the 
vector under CT guidance. All patients in the study had failed existing treatments and had cancers that were growing progressively. Three of the seven patients 
evaluable for response showed evidence of tumor regression in the treated lesions. In the remaining four evaluable patients, tumor growth stabilized in three patients 
for periods ranging from eight to nine weeks. The fourth patient had a chest wall lesion that continued to progress after the first cycle of treatment. Each of these four 
patients had other sites of disease not treated by gene replacement that continued to progress during treatment with the vector.

Swisher and colleagues have recently completed a protocol in which an adenovirus vector was utilized (personal communication). Fifty-three patients were enrolled in 
this study and were treated by intratumoral injection at monthly intervals for six cycles. Patients were treated by direct assignment with or without CDDP 80 mg per m 2 
intravenously over two hours and given three days before Ad-p53 injection. No significant vector-related toxicity was seen with up to six monthly injections. The 
severity of CDDP-associated toxicity (grade II or higher) was not increased with coadministration of Ad-p53. At the initial assessment at two months, four patients (8%) 
had a partial remission, while 33 patients (65%) had stable disease.

Major tumor regression in lung cancer has been documented independently by Nemunitis and associates (PRN Research, Dallas TX), who have entered patients in a 
current phase I trial. Of the first 35 patients on whom complete data is available, five of 14 (36%) receiving Ad-p53 alone had growth arrest of their tumor for more 
than four months. Six of 15 (40%) patients receiving Ad-p53 plus CDDP had growth arrest of their tumor for more than four months despite three of the six progressing 
on CDDP or carboplatin. Thus the above three human trials showed responses by p53 introduction with minimal vector-associated toxicity.

A study has recently being activated by Swisher and colleagues (personal communication) for stage III NSCLC in those patients who cannot tolerate surgery due to 
cardiac or pulmonary compromise, consisting of docetaxel (Taxotere) 20 mg per m2 weekly for a total dose of 100 mg per m2, along with 60 cGy radiation with 
concomitant Ad-p53 intratumoral instillation on weeks 1, 3, and 5. End points are local control at three months and will be compared to historical controls currently at 
only about 20%.



In all of these studies, it has been difficult to deliver recombinant virus into solid tumors so as to transduce a significant fraction of the tumor cells, and the effect is 
limited to the injected nodule, which may be of limited real clinical benefit. This is because adenovirus has a limited diffusion range in a solid tissue. Thus many 
investigators are focusing on clinical situations where improved transduction efficacy might be achieved with meaningful clinical results. Examples might include 
pleural effusions or peritoneal carcinomatosis, where small volume disease is limited to a closed body cavity, or BAC. BACs are chemoresisistant and 
radioresistant.113,114 and 115 In this disease, cancer cells grow initially as a thin monolayer along the pulmonary alveoli and bronchiolar surfaces without destruction of 
the underlying lung structure. This biology results in progressive shortness of breath and death by suffocation in the majority of these patients, but also makes this 
tumor uniquely appropriate for delivery of therapeutic agents directly to the tumor cells via the airways. The authors of this chapter have begun a pilot phase 1 trial of 
an adenovirus p53 gene delivered via bronchoalveolar lavage in patients with locally advanced BAC. Endobronchial delivery of recombinant wtp53 adenovirus via 
bronchoalveolar lavage may be a highly efficient means of gene transfer and a highly effective local therapeutic in this disease. Effective local palliation could well 
translate into significant clinical benefit. While BAC is only a subset of all NSCLC, the large numbers of NSCLC deaths each year and the complete lack of good 
therapeutic options for unresectable or recurrent BAC make the potential clinical impact of this therapy significant.

Systemic gene therapy with liposome-p53 complexes has been reported to cause a significant reduction of greater than 60% in primary tumor volume as compared to 
a control group.116 Nude mice inoculated with breast carcinoma cells were injected every 10 to 12 days with liposome p53 via the tail vein. Analyses of the growth 
pattern revealed that the majority of the p53-treated animals had tumor regression. Induction of p21, marked histological changes, and increased apoptosis were 
present in the tumors of the p53-treated group. In addition, the p53-treated group had significantly fewer lung metastases. Introduction of p53 via liposomes was 
effective in the treatment of early endobronchial cancer in mice 117 and was shown to enhance radiation sensitivity in head and neck cancers. 118 The endobronchial 
use of p53 liposomes may be less toxic than the use of adenovirus vectors in this situation and deserves further clinical exploration.

Other tumor-suppressor genes have also been used therapeutically. These include the retinoblastoma protein ( RB), which is mutant in the majority of SCLCs and 
about 20% of NSCLCs.119,120 RB introduction has definite antitumor effects which appear to depend on the extracellular environment of the tumor. 121 A p53-inducible 
inhibitor of cyclin-dependent kinases, WAF/CIP1, is another candidate gene for the replacement therapy. 122 A large part of the growth regulatory action of p53 
appears to be mediated by this protein, which also known as p21. Overexpression of these two genes can arrest the cell cycle in G1 phase. 122 Adenovirus-p21 
therapy of p53-deleted mouse prostate cancer cell lines induced growth arrest and resulted in a reduction of CDK2 kinase activity. Intratumoral injection with 
adenovirus-p21 but not with adenovirus-p53 prolonged the survival of tumor-bearing mice. 123,124 Inhibitory activity was also found in human NSCLC cell lines. 125

p16 is another tumor-suppressor gene that can also be a candidate for tumor-suppressor gene therapy. Genetic abnormalities of p16 have been found frequently in 
NSCLC but rarely in SCLC. Homologous deletion or point mutations have been found in 10% to 40% of NSCLC. Furthermore, hypermethylation in the 5' CpG island of 
p16 allele without genetic alteration will explain the high prevalence (30% to 70%) of absent p16 protein expression in lung cancer. 126 Introduction of a p16 gene by a 
recombinant adenoviral vector induced growth arrest and G1 arrest. In lung cancer, adenovirus-mediated p16 gene transfer could inhibit the proliferation of 
p16-negative lung cancer cell lines and induce dephospholylation of pRb. 127

Combined tumor-suppressive gene therapy with adenovirus-p53 and adenovirus-p16 could cooperate to induce cancer cell apoptosis and suggests potentials for 
development of new cancer gene therapy strategy.128

p27 is another possible tumor-suppressor gene even though it is rarely mutated in human cancers, including lung cancer, but low levels of p27 are associated with 
poor prognosis in NSCLC.129 Catzavelos and colleagues showed that alteration of p27 levels played an important role in lung tumor progression, and low levels of p27 
not related with ras mutations may have independent poor prognostic significance in NSCLC. 130 Overexpression of p27 after transduction with an adenoviral vector 
induced growth arrest and apoptosis in breast cancer cell lines. 131 A comparison study of several adenoviral vectors with cyclin kinase inhibitors showed Ad- p27 
induced potent suppressive effect on tumorigenicity. 132 From the above studies, p27 overexpression in NSCLC may be another replacement gene therapy modality.

The major conceptual problem with tumor-suppressor gene replacement therapy is that all clonogenic tumor cells would theoretically need to receive the therapeutic 
tumor-suppressor gene in order for there to be an observable clinical therapeutic impact. This is readily accomplished in tissue culture but it is obviously very difficult 
or impossible to achieve in patients, except perhaps in special clinical circumstances such as BAC, as outlined above, or after multiple applications of the gene. It is 
clear from chemotherapeutic studies that even single-log reduction of tumor bulk (90% cell kill) has only marginal clinical significance, so much work on delivery 
systems needs to be accomplished before this is more generally applied to clinical problems.

Ionizing Radiation and Gene Therapy

Tumor necrosis factor-a (TNF-a) is a cytokine that activates the cellular immune response and is directly cytotoxic to some tumor cells. Mechanism of direct cell killing 
by TNF-a involves both apoptosis and necrosis. When combined with radiation in vivo, TNF-a is reported to enhance tumor control through immune modulation. 
Hallahan and co-workers have reported that TNF-a enhances direct tumor cell killing in vivo and in vitro following exposure to ionizing radiation, and a clinical study 
that combined systemically (intravenously) administered TNF-a and therapeutic local/regional radiation demonstrated promising results in local tumor control. 
Systemic toxicity attributed to TNF-a limited the therapeutic efficacy of the treatment regimen. Hallahan and co-workers selected the CArG elements of the Egr-1 
promoter (425 bp upstream from the transcription site) to regulate TNF-a because these elements are inducible by radiation in several types of human tumor cell 
lines.133 They ligated a region containing the six CarG elements of the promoter enhancer region of the Egr-1 gene upstream to a TNF-a cDNA. A replication-defective 
adenovirus type 5 (Ad5) was used to deliver the Egr-TNFa genetic construct to tumors. It was observed that production of TNF-a in human tumor xenografts infected 
with the Ad.Egr-TNFa and treated with radiation enhanced tumor control as compared with radiation alone. A tenfold increase in TNF-a protein was observed after 
radiation.

Gene activation targeted by ionizing radiation is a new concept for cancer treatment whereby transcription of therapeutic genes is localized and regulated by ionizing 
radiation. The combination of proteins produced by targeted genes with the cytotoxic effect of ionizing radiation may enhance tumor cures without a significant 
increase in local or systemic toxicity. Temporally fractionated radiation provides a method for repeated gene induction resulting in prolonged, accentuated gene 
expression and thus may have wider applications in gene therapy and cancer treatment.

Drug-Sensitizing Gene Therapy

This approach has been used to induce selective transduction of tumor cells with a gene whose product can convert a relatively nontoxic prodrug administered 
systemically to a toxic metabolite in the cancer cell expressing the transduced gene product. Since Moolten originally suggested the potential utility of herpes simplex 
virus thymidine kinase (HSV-TK) gene for cancer treatment, drug sensitivity gene therapies have been widely adopted in animal and human therapeutic 
approaches.134 Tumor cells that express the activating enzyme are killed, and cells without the transduced gene and enzyme are not affected. Several drug-resistant 
genes and drug combinations have been tested, including HSV-TK and ganciclovir, cytosine deaminase and 5-fluorouracil, and cytochrome P450 2B1 gene and 
cyclophosphamide.

The HSV-TK and ganciclovir combination has been the most widely investigated. Good responses have been observed in animal studies. 135 Thymidine kinase is the 
enzyme responsible for phosphorylation of thymidine and is involved in the salvage pathway for DNA synthesis. In contrast to cellular thymidine kinase, HSV-TK has 
an ability to phosphorylate not only thymidine but also several nucleoside analogues, including the guanosine analogue ganciclovir. Ganciclovir can be 
phosphorylated by HSV-TK to the triphosphorylated form. This triphosphorylated GCV enters the DNA synthesis pathway instead of the guanosine triphosphate, 
blocking DNA synthesis and inducing cell death. In vitro tumor cell line experiments have shown that ganciclovir sensitivity in HSV-TK gene–transduced tumors is at 
least 1,000 times greater than control, nontransduced tumor cell lines. Furthermore, HSV-TK–transduced tumors showed regression after ganciclovir treatment in 
animal tumor models. In a study done by Kumagai and colleagues, herpes simplex gene was ligated with four repeats of the Myc-Max response elements (a core 
nucleotide sequence CACGTG), rendering c-, L-, and N- myc overexpressing SCLC cell lines significantly suppressed by ganciclovir. 136

It has been observed by this technique that a small fraction of tumor cells may be affected by HSV-TK, but the cytotoxic effect of transduced cells occurs on 
nontransduced cells too. This is termed the “bystander effect.” Thus all tumor cells in a solid tumor need not be transduced in order to get 100% killing. The precise 
mechanism of this bystander effect has not been fully elucidated, but there are several mechanisms. The transfer of apoptotic vesicles by endocytosis from killed 
HSV-TK–positive cells to adjacent HSV-TK–negative tumor cells has been identified in some cases. 137 Recently metabolic cooperation between cells via gap junctions 
has been demonstrated, making the cell-to-cell passage of small molecules, including toxic metabolites of GCV, possible. 138 Another mechanism that may play a role 



in some circumstances is the induction of an immune response by the recruitment of macrophages and CD4 and CD8 T-cells to the tumor site.

There are more than 20 protocols using this strategy. More than 100 patients have been entered in these ongoing protocols. 139 Major tumor regression has been 
reported in eight of 62 patients in various kinds of tumors.

Cytosine deaminase (CD) and 5-fluorocytosine (5-FC) make up another well-studied drug sensitizing gene system. CD-expressing cells can deaminate the relatively 
nontoxic prodrug 5-FC to highly toxic drug, 5-fluorouracil, resulting in the killing of CD-expressing cells and adjacent cells by the bystander effect. The efficacy of CD 
and 5-FC has been proven in lung cancer model. Hoganson and associates compared three different toxin genes (HSV-TK, CD, and human deoxycytidine kinase) in 
human lung adenocarcinoma and reported that CD was the most promising.140 They also reported that CD gene transfer followed by prolonged 5-FC could inhibit the 
growth of a lung adenocarcinoma in an animal model. 141

The combination of drug-sensitizing therapy and cytokine gene therapy has been tried as well. The release of tumor-specific antigen by tumor cell death due to 
drug-sensitizing genes and the attraction of immune effector cells to tumor cells by cytokine may synergistically enhance the chance of generating tumor-specific CTL. 
Kwong and co-workers reported that combination of HSV-TK and IL-2 via adenoviral vectors could prevent the metastasis of murine lung cancer and improve animal 
survival.142 Combination gene therapy of HSV-TK and GM-CSF plus bone-marrow–derived dendritic cells to improve the antigen presentation ability has been shown 
to lead to regression of established lung tumors in mice and confers protective immunity against rechallenge of parental tumors. 143

Antisense cDNA and Oligonucleotide Approaches

Various efforts are under way to develop and apply oligonucleotides for therapy of a number of diseases. The phosphodiester backbone in the oligonucleotide is often 
modified to methyl-phosphonate or phosphorothioate to reduce degradation by nucleases. There are three principal types of in vitro and in vivo applications of this 
methodology: (a) Antisense oligodeoxynucleotide (ODN), which binds specifically to a target mRNA and prevent translation. Treatment with antisense nucleic acids 
attempts to block expression of the endogenous messenger RNA through the formation of translationally inactive RNA-specific duplexes. Plasmid or viral vectors have 
been used for transfering an open reading frame fragment of the desired gene oriented backwards (3' to 5') behind a powerful promoter, resulting in the production of 
an antisense RNA. Antisense RNA transcribed from these constructs forms an RNA duplex with sense mRNA, inhibiting translation. 144 (b) Triplex ODN, which bind 
specifically to double-stranded DNA and prevent transcription. These modified antisense oligonucleotides can enter tumor cells by endocytosis and form DNA-RNA 
duplexes with endogenous sense mRNA, inhibiting translation. (c) Antiprotein ODN, or “Aptamers,” which bind to proteins and exert a biologic effect.

A variety of genes and cellular pathways have been targeted by this approach, including activated oncogenes such as K- ras and c-myb, and growth factors such as 
HER2/neu or insulinlike growth factors (IGF) and the IGF-1 receptor. The specific cell cycle regulatory proteins are also reasonable targets for cancer gene therapy. 
(See also Chapter 2) The tumor-suppressor genes p53 and RB, discussed earlier, directly down-regulate progression through the cell cycle, but a number of cyclins 
and growth factors act to promote proliferation and thus are reasonable targets for gene-specific inhibition. Cyclin G1 (CYG1) is one member of the G1 cyclins that is 
overexpressed in human osteosarcoma. Antisense cyclin G1 (CYG1) delivered via a retroviral vector showed inhibition of growth of human osteogenic sarcoma cells.

Insulinlike growth factors are often essential for the maintenance of the malignant phenotype, and in lung cancer the IGF-1 receptor (IGF-1r) is often expressed at 
high levels.145 Stable transfection of antisense plasmids expressing the first 300 bp of the IGF-1r reduces the tumorigenicity of a variety of tumor cell lines and has 
been reported to induce systemic antitumor effects on established, nongene-modified tumors in animal system models. 146 We have constructed an 
adenovirus-expressing antisense IGF-1r (Ad-IGF-1r/as), and a single transduction of this into human lung cancer cell line NCI H460 cells decreased the receptor 
number by about 50% and decreased soft agar clonogenic ability by almost ten fold. The intraperitoneal treatment of nude mice bearing established i.p. NCI H460 
cells resulted in prolonged survival compared to that of nude mice treated with a reporter virus. 147 This suggests that Ad-IGF-1r/as has a therapeutic effect on 
established human lung cancer xenografts and may represent an effective and practical cancer gene therapy. Clearly there is potential for the antisense approach for 
therapy of lung cancer.

BCL2 is often overexpressed in small cell lung cancer, and antisense oligonucleotides spanning the length of the open reading frame were tested by Stahel and 
collegues for antitumor activity.148,149 In these studies, an oligonucleotide from an internal portion of the protein was found to be the most effective and produced highly 
efficient killing and chemosensitization of a number of SCLC cell lines in vitro.

Epidermal growth factor (EGF) and its receptor (EGFR) have an important role in the pathogenesis of NSCLC. Blockade of EGFR by monoclonal antibody has been 
shown to suppress the growth of NSCLC overexpressing EGFR.150 In human squamous cell carcinoma of head and neck, direct inoculation of EGFR antisense 
plasmid inhibited tumor growth and increased apoptosis by suppressing EGFR protein expression. 151

Ribozymes

Ribozymes can be engineered to cleave selectively to a wide variety of RNA targets, thus modifying gene expression. The hairpin ribozyme is a 50 nt RNA enzyme 
under current development as a promising agent for sequence-specific RNA inactivation in gene therapy. Ribozymes are essentially antisense oligonucleotides that 
contain an RNAse active site. A ribozyme possessing this activity allows catalytic gene ablation by sequence-specific cleavage of the target transcript. This ability of 
ribozymes to confer gene “knock-out” at the mRNA level and inhibit normal gene expression by targeted cleavage of RNA renders them as valuable tools in 
fundamental studies of gene function both in cells in vitro and in transgenic models. Ribozymes have been used in cancer therapeutic approaches to inhibit activated 
oncogenes (ras and bcr-abl), oncogenic viruses, and the MDR1 gene as alluded to earlier. 152,153,154 and 155

Dominant Inhibitory Growth Factor Receptors

For the uncontrolled proliferation of tumor cells, strong growth stimulation through the growth factor pathway is essential. Cancer cells acquire a growth advantage by 
active secretion of growth factors and overexpression of those receptors. Cancer cells are uniquely dependent on these autocrine or paracrine growth-signaling 
pathways and thus they can be targets for cancer therapy. Antisense intervention acts by inhibiting translation of the receptor protein, but this does not affect protein 
that is already present in the cell, even low levels of which may allow cancer cell survival. Mutant forms of these receptors can be introduced into cancer cells that can 
inactivate signaling through preexisting receptors, and these are called “dominant negative” receptors. An example of this is the design of defective IGF-IR or soluble 
mutant of IGF-IR that suppresses tumorigenicity and progression of tumors by a dominant negative mechanism. 156,157

Intracellular Antibody

Overexpressed oncoproteins in cancer cells can be targeted in cancer cells by the delivery of a gene encoding for what is known as an “intracellular antibody.” 158 The 
introduced gene encodes for a single chain Fv which, when expressed and translated intracellularly, recognizes and entraps the oncoprotein, inhibiting its function. 
This has been successfully applied to erbB-2 in ovarian cancer.159,160 Dramatic growth inhibition and prolonged survival of human tumors in xenografted animals was 
observed after delivery of the gene with a recombinant adenovirus. As this oncoprotein is also expressed in breast and lung cancers, it has therapeutic potential for 
these tumor sites as well.161,162 and 163

Oncolytic Virus

In gene therapy, viruses have been used for the delivery of therapeutic genes to tumor cells. Typical viral vectors in gene therapy have been designed to deliver a 
therapeutic gene and to be unable to replicate by themselves, even though wild-type forms of the virus can replicate and destroy the infected cells. Many investigators 
have begun to develop strains of virus that can specifically replicate in and destroy cancer cells directly and then propagate to adjacent cancer cells and kill them as 
well. Several viruses, such as herpes simplex type 1 virus and Newcastle virus, have been used for that purpose.

Adenovirus has been the best studied for this approach. For the replication of wild-type adenovirus in the host cells, it is essential to inactivate host p53 protein by the 
adenoviral E1B 55kD protein. Frank McCormick and colleague generated a mutant adenovirus lacking the E1B-55kD gene (ONYX-015), designed to replicate and 
lyse p53-deficient human tumor cells but not cells with functional p53. 164 More than a half of human tumors but no normal human cells have inactivated p53 function. 
The potential utility of this virus would be enormous. They also showed that ONYX-015 could cause tumor-specific lysis and also augment the efficacy of standard 
chemotherapeutic agents.165 In the preliminary data of phase II trials in patients with head and neck cancer, intra- and peritumoral injection of ONYX-015 showed that 



p53-mutant tumors have undergone remarkable destruction (4% to 100% reduction), but no damage to adjacent normal tissue has been found. 166 The similarity of 
head and neck cancer and lung cancer in the pathogenesis and p53 mutation rate suggests the potential use of this strategy in lung cancer. Possible obstacles of this 
approach are the heterogenity of p53 status in human tumors and the generation of antiadenoviral humoral immunity that can prevent the replication of ONIX-015. 
Combination of ONYX-015 and other gene therapies, such as HSV-TK and/or CD, could be an another alternative. 167

SUMMARY

Cancer arises when mutations occur in genes that control cell growth, DNA repair, and cell death. Novel treatments targeting these genetic lesions include gene 
therapy. Lung cancer, the leading cancer killer in the United States, is refractory to many types of therapy and is thus in need of such novel approaches. However, its 
poor immunogenicity and frequent metastases make the problem more difficult.

While gene therapy has received much attention, it has also been met with significant (and sometimes justified) skepticism for many of the reasons outlined above. 
Early trials of gene therapy have seen some promising results that we feel deserve more rigorous development. The practical contribution of gene therapy to clinical 
oncology is still minimal, but we believe that judicious application of gene therapy to specific clinical situations may ultimately improve lung cancer patient outcomes.
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COLLECTION AND TRANSPORT OF TUMOR SPECIMENS

Lung cancer is the most common malignancy in the world and the cause of most cancer deaths in the United States. 1 The four major types of lung cancers described 
by the World Health Organization classification 2 are small cell lung cancer (25% of lung cancers), adenocarcinoma (30%), squamous cell carcinoma (25%), and large 
cell carcinoma (15%). All four major lung cancers are generally believed to have endodermal origins.

Squamous cell carcinoma, large cell carcinoma, and adenocarcinoma are usually grouped as non-small cell lung cancers (NSCLCs) based on differences in natural 
history, clinical behavior, and biologic properties but mainly because treatment centers follow different treatment policies for these malignancies. 3 Small cell lung 
cancer (SCLC) has attracted widespread interest because of its unique biologic and clinical properties. SCLC expresses many neuroendocrine features, most 
interestingly the secretion of many hormones and neuropeptides. 4,5 Some of the neuropeptides (e.g., gastrin-releasing peptide) 6,7 may function as autocrine growth 
factors. A detailed understanding of the mechanisms that mediate their mitogenic actions may provide alternate ways of treating these cancers.

Truly representative characterization of a tumor cell type would require large numbers of cell lines. Toward this end, we established and characterized more than 200 
lung cancer cell lines (Table 18.1). Much of the available knowledge, especially of SCLC biology and molecular genetics, has come from studies utilizing these cell 
lines. It is hoped that more extensive studies on larger numbers of each lung cancer cell type will lead to more effective strategies for the treatment of lung 
malignancies.

TABLE 18.1. CELL LINES ESTABLISHED FROM HUMAN TUMOR SPECIMENS (1976–1990)

In this chapter, we describe in detail the procedures and techniques that have evolved by modifying existing methods and devising new techniques ( Table 18.2). 
Using these methods, we have succeeded in establishing many cell lines, mostly from SCLC and NSCLC specimens but also from a variety of other human cancers 
(Table 18.1).

TABLE 18.2. PROCEDURES FOR THE ESTABLISHMENT OF HUMAN LUNG CANCER CELL LINES

Tumor specimens obtained for in vitro cultivation are basically solid tissues (i.e., cancer masses from the lung, lymph node, and extrapulmonary sites) or fluid samples 
(i.e., pleural and pericardial effusions, ascites, and bone marrow aspirates). The samples may be from primary or metastatic lesions. Generally, the resected 
specimen was taken to the pathology laboratory where the tissue was divided for distribution; the largest portion was fixed in formalin, and the remainder was 
apportioned to the various researchers. If the specimen for cultivation was small (i.e., obtained by needle biopsy), it was put between sterile, saline-moistened pieces 
of gauze to keep it from drying, placed in a sterile container, and transported to the cell culture laboratory.

Larger samples were put into sterile specimen jars containing cell culture medium (e.g., RPMI 1640, Eagle's MEM), with or without antibiotics. Occasionally, serum, 
albumin, or polyvinylpyrollidone were used to preserve cell viability.

Because of the extensive handling and occasional lapse in sterility, the interval between surgical removal of the tumor and the distribution of the samples for transport 
to the cell culture laboratory presents the best opportunity for the introduction of contaminants into the tissue samples. Probably the best scenario for obtaining viable 
tumor tissue for cultivation is as follows: with the mutual consent of surgeon and pathologist, the investigator desiring a specific tumor specimen for culture attends the 
operation, accepts the entire resection in a sterile covered tray, takes the specimen to pathology, and designates to the pathologist the area of the resection he or she 
thinks would most likely yield viable tumor cells for culture. A cross section or a wedge-shaped piece providing as much of the tumor edge as possible is most likely to 



yield aggressively growing tumor cells.

Before any specimen is obtained for culture, a detailed explanation of the intended usage of the sample should be presented to the patient and, if necessary, a 
consent form signed.

Any specimen that cannot be transported to the cell culture laboratory within 1 hour is stored in a refrigerator. In collecting fluid specimens, special care should be 
taken to prevent clotting. Preservative-free heparin 5 µg/mL is added to pleural, pericardial, and ascitic effusions. Bone marrow aspirates are collected with a 
heparin-coated syringe and needle, deposited into tubes containing heparin, and transported to the cell culture laboratory.

Tumor specimens submitted to the cell culture laboratory from outside sources are collected as described previously, packed in wet ice, and delivered by overnight 
express service.

Many solid tumors contain necrotic tissue, which releases enzymes that are detrimental to cell viability. To reduce cell destruction from this source, specimens can be 
put into media containing polyvinylpyrollidone or methylcellulose and kept on ice from the time of collection and during transport, until the tissue is processed for 
culture.

Sodium bicarbonate-buffered tissue culture media require CO 2 to maintain a desired pH. Exposure to the air results in the medium becoming alkaline, a condition not 
favorable for cell viability. It is preferable to use a bicarbonate-free medium, such as L-15, initially supplemented with serum or a serum-substitute polyvinylpyrollidone 
to preserve cell viability. 8

PROCESSING TUMOR SPECIMENS FOR CULTURE

Specimens should be processed for culture as soon as possible after arrival in the cell culture laboratory. If this is not possible, the samples should be refrigerated.

Solid Tumors

Solid tumors with adequate masses are disaggregated by mechanical procedures, proteolytic enzyme digestion, or a combination of the two methods. After placing 
the specimen in a Petri dish with a small amount of medium to keep the tissue wet, necrotic tissue, blood clots, fatty tissue, and connective tissue are trimmed from the 
specimen with scissors. The tissue is then cut into small, 1- to 3-mm squares, either with scissors or by cross-cutting with two scalpels. In many cases, this process of 
mincing the tissue released tumor aggregates into the medium. Several washes of these tissue pieces usually yield sufficient tumor cell aggregates for culture.

Several different enzyme mixtures have been used to disaggregate tumor tissues. Duchesne and colleagues 9 used a combination of pronase, DNase, and 
collagenase for lung cancer disaggregation. Rheinwald and Beckett 10 digested squamous cell carcinoma of the tongue, pharynx, and skin with 0.2% trypsin and 0.2% 
collagenase. Twentyman3 combined mechanical and enzymatic methods to obtain cell suspensions for culture. Using either the cross-cutting scalpel method or 
scissors, the tumor tissue was chopped into fragments 1 mm square or smaller and then digested with bacterial neutral protease (1 mg/mL) at room temperature for 1 
hour.

Although trypsin or a combination of trypsin and EDTA was widely used by early cell culturists, its harsh mode of action has resulted in its replacement with milder 
enzymes or enzyme combinations. During early years of attempting to culture SCLC from resected tissues, trypsin and EDTA digestion was found to be unsatisfactory 
because of poor recovery of viable cells. Additionally, resulting suspensions contained both tumor and normal cells in monodispersion, which produced a culture of 
tumor and normal cells uniformly distributed over the flask surface. Generally, the normal cells, usually fibroblasts, had the advantage of faster growth and overgrew 
the slower proliferating tumor cells.

Mechanical methods for disaggregating solid tumors have been used by several groups to establish cancer cell lines. Campling and colleagues 11 disaggregated lung 
cancer tissue by forcing small pieces through a wire mesh and separating the live cells from debris by Ficoll-Hypaque density gradient centrifugation. Kirkland and 
Bailey12 obtained tumor cell clumps from colorectal adenocarcinoma tissue by “gentle teasing.” The Dartmouth Medical School group led by Pettengill 13 initiated 
cultures of SCLC by seeding minced biopsy or autopsy specimens.

We have found that the simplest, fastest, and least traumatic method of processing not only SCLC but also NSCLC and other tumor specimens is by the mechanical 
spillout method.8 Tumor tissue is chopped into small pieces using cross-cutting scalpels or scissors. The aggregates of tumor cells released by this mincing process 
are harvested by several series of choppings and washings. The washings are pooled and centrifuged. If necessary, erythrocytes and debris can be removed by Ficoll 
density gradient separation. The minced tissue suspension usually contains sufficient tumor cells for culturing without further processing.

The mechanical spillout method allows the harvesting of mostly tumor cell aggregates because normal cells are not easily dislodged from the tissue matrix by simply 
mincing. Because colonies of tumor cells develop from clumps instead of isolated single cells, the tumor cells are given a better start and are better able to compete 
with normal fibroblasts for growth.

Bone Marrow Aspirates

Because bone marrow specimens are usually quite bloody, the samples are subjected to Ficoll gradient separation to remove the erythrocytes as well as to 
concentrate live tumor cells. Usually 1 to 3 mL of aspirate is received. After diluting the specimen at least two to five times with serum-free medium in a 15-mL conical 
centrifuge tube, 2-mL Ficoll is carefully deposited at the bottom of the tube. The tube is then centrifuged in a refrigerated table-top Beckman GPR centrifuge at 1,500 
rpm for 15 minutes at 4°C. Cells at the interface are harvested with a pipet, pelleted by centrifugation, washed twice in 10 mL of medium at 1,000 rpm for 5 minutes, 
and cultured in 25-cm2 flasks in 4 mL of media per flask containing penicillin 100 U/mL, streptomycin 100 µg/mL, gentamicin 5µg/mL, and fungizone 5 µg/mL.

Pleural, Pericardial, and Ascitic Effusions

Effusions may be received in volumes as little as a few milliliters or as large as 2 to 3 L. Cells from small volumes are centrifuged and, without further processing, 
placed into culture flasks. Large volumes are concentrated by centrifugation, and if large amounts of erythrocytes are present, the cell suspensions are subjected to 
Ficoll gradient separation. The interface layer of cells is harvested, washed twice with medium, and seeded into 25-cm 2 flasks.

The pellets from the gradients usually contain large aggregates, which break through the gradient and pellet with the erythrocytes. The pellets can be resuspended in 
medium and allowed to stand at room temperature so that the heavier cell aggregates sediment by gravitation. By removing the supernatant fluid, much of the 
erythrocytes are removed. Repeating this process results in a relatively erythrocyte-free tumor aggregate suspension suitable for cultivation.

CULTIVATION, ISOLATION, AND ESTABLISHMENT OF LUNG CANCER CELL LINES

Small Cell Lung Cancer

HITES is the acronym derived from the five growth factors (hydrocortisone, insulin, transferrin, estradiol, and selenium) added to the defined medium (RPMI 1640) to 
produce the selective medium for the growth of SCLC cells. 14 Other commercially available defined media such as Ham's F-12, Eagle's MEM, or DMEM can also be 
used. Duchesne and colleagues9 used Ham's F-12 plus the HITES ingredients to grow lung cancer cells. Most other investigators used RPMI 1640, the defined 
medium used to develop the HITES medium.

Our experience has shown that in some cases, the specimen submitted for culture contains a mixture of lung cancer cell types. Hence, when sufficient tissue is 
available, the specimen is routinely seeded into 25-cm 2 flasks containing the following media: HITES, HITES plus 2.5% fetal bovine serum (FBS), squamous cell 
carcinoma Rheinwald (SCCRh),15 RPMI 1640 plus 10% FBS (R10), and adenocarcinoma lung lines (ACL4) 16 plus 5% FBS. Cells from a very small percentage of 
SCLC specimens do poorly in all of the aforementioned media. These cells may require cholera toxin, bombesin, or epidermal growth factor for in vitro proliferation. 



Therefore, we include a flask containing the medium SCLC-2,17 which contains all of these growth factors.

Most early epithelial cell cultures grew attached to the flask surface. Oboshi and colleagues 18 reported the first human SCLC line that grew as a floating culture. Most 
of the SCLC cell lines we have established in HITES and R10 grow as floating aggregates. In contrast, the cell lines developed in Waymouth's MB 752/1 medium 
supplemented with 20% FBS by the Dartmouth Medical School group were mainly adherent cultures. 13 Pettengill attributes the high calcium content in Waymouth's 
medium and the attachment factors present in FBS to the large number of adherent SCLC lines established by the Dartmouth group. 13

SCLC tumors are rarely resected; therefore, most SCLC cell lines are derived from metastatic sources, including bone marrow aspirates, pleural effusions, and lymph 
nodes. Usually, SCLC clumps are microscopically observed as tightly packed, floating spheroids in the classic aggregate morphology. Individual cells in the 
aggregates are difficult to distinguish. Other aggregates are formed of loosely packed cells in the variant morphology. The lack of substrate attachment and strong 
cell-to-cell adhesion may be the result of the production of neural cell adhesion molecule (NCAM). 19,20

Most SCLC cells grow as floating aggregates or as loosely attached colonies. In contrast, stromal cells require firm attachment to flask surfaces to proliferate. It is a 
simple matter to detach the loosely adhering SCLC colonies by gently rapping the flask, harvesting the detached aggregates, and transferring them to new flasks. A 
series of these transfers usually yields pure SCLC cultures. Although most SCLC cells grow as floating aggregates even in serum-containing medium, a few cell lines 
usually contain adherent cells. By repeatedly removing the floaters, adherent cell lines can be eventually isolated. Whether attached or floating, the properties 
characterizing SCLC cells are usually retained.

The development of a serum-free, growth factor-supplemented HITES medium has enhanced the ability to establish SCLC cell lines. The absence of serum 
significantly reduces the growth of stromal cells, and the additives promote the proliferation of most SCLC cells.

The more difficult cell contaminants to cope with in growing SCLC cells are the proliferating B lymphocytes (BL), which, similar to SCLC cells, grow as floating 
aggregates (Fig. 18.1). Proliferating BL cells are Epstein-Barr virus-transformed B-lymphoblastoid cells, which are present in some bone marrow aspirates, and lymph 
node biopsy specimens, the most common specimens obtained from SCLC patients.

FIGURE 18.1. Proliferating B-lymphocytes, present as floating aggregates in culture, occasionally contaminate small cell lung cancer primary tissue cultures (100 × 
magnification).

BL aggregates are relatively easy to differentiate from SCLC cell clumps; the BL cells are loosely aggregated and have spikelike structures (uropods) projecting 
radially from the aggregates. These cells grow rapidly and cause acidification of the medium. Because BL cells require serum for proliferation, isolation of SCLC cells 
from a mixed culture is achieved by growing the cells in serum-free HITES medium. BL cells can be isolated by growing the mixed culture in the selective medium 
ACL4, in which BL cells grow well but SCLC cells do poorly (Fig. 18.2). Paired SCLC cell lines and “normal” BL cell lines from the same patients prove to be very 
useful in studies comparing the changes that occur in tumor cells, such as cytogenetic alterations.

FIGURE 18.2. Proliferating B-lymphocytes ( round aggregate) in a culture with variant small cell lung cancer ( irregularly shaped cellular aggregate). These 
lymphocytes can serve as “normal cells” for molecular genetic studies if they can be isolated and grown free of the tumor cells (100 × magnification).

The addition of serum diminishes the selective property of HITES medium. However, the growth of most SCLC cells is enhanced by the addition of small amounts of 
serum, suggesting that HITES medium, although supplying the minimum requirements for SCLC growth, lacks certain factors for optimum in vitro growth.

Non-Small Cell Lung Cancer

Early lung cancer cell lines can be established from NSCLC specimens because of the availability of large amounts of resected tissue. Most cell lines are grown and 
established in commercially available defined media (i.e., MEM, DMEM, McCoy's 5A, Ham's F-10, Ham's F-12) supplemented with 10% to 20% FBS, although several 
NSCLC lines have been developed in HITES medium plus 2.5% FBS.3,11,21 Among the early NSCLC cell lines still in widespread use are A-549 and A-427 22 and 
Calu-1 and SK-MES-1.23

The NSCLC group includes three of the four major cell types of lung cancer—adenocarcinoma, squamous cell carcinoma, and large cell undifferentiated carcinoma; 
SCLC is the fourth major type. The diversity of these cell types presents a more complex problem in cultivation than the growing of SCLC cells. The development of 
the serum-free medium ACL416 for the selective growth of adenocarcinoma and of SCCRh,15 a medium originally developed for the growth of skin keratinocytes that 
has proven useful in growing squamous cell carcinoma cells, helps to enhance the culturing of these two cell types. No special medium has been developed for large 
cell carcinoma.

To ensure that media for all cell types are provided, the NSCLC specimens should be grown in ACL4, ACL4 plus 5% FBS, SCCRh, R10, and HITES plus 2% FBS. 
The inclusion of serum in SCCRh medium allows normal cells to grow, but this medium is especially useful in initiating cultures from specimens containing a mixture of 
adenocarcinoma and squamous cell carcinoma. Addition of FBS to ACL4 reduces its selective capabilities, but many adenocarcinoma cells grow better in this medium 
with serum. Therefore, we have adopted the procedure of initially growing the specimens in serum-free media to suppress normal cell growth while the tumor cell 
colonies establish themselves. After the tumor colonies are fairly large, serum is added to help enhance tumor cell growth.

Because both NSCLC cells and normal cells grow as adherent colonies, isolation of tumor cells is a major problem. Various methods are used to obtain pure tumor 



cell cultures. One method utilizes the relative difference in attachment rates to separate tumor cells from normal cells. In some cases, small aggregates of tumor cells 
attach to the flask surfaces within four to six hours, while the normal cells are still in suspension. By removing the medium, a reduction in the amount of contaminating 
stromal cells and erythrocytes is achieved. With pleural effusions, the normal cells (e.g., mesothelial cells, monocytes) usually attached faster, so by removing the 
floating aggregates of tumor cells and transferring them to new flasks, the number of normal cells is reduced. Erythrocytes can be eliminated by routine media 
changes. The use of several of these manipulations can result in the isolation of tumor cells.

Culturing of tumor cell aggregates obtained by the mechanical spillout method for processing solid tumor specimens produces adherent colonies of tumor and normal 
cells randomly distributed over the flask surface ( Fig. 18.3). Tumor cells can be isolated in several ways under these circumstances. Well-isolated tumor colonies are 
dislodged by scraping the wall of the flask with the bent tip of a Pasteur pipet, aspirating the colonies into the pipet, and depositing them into the wells of a 24- or 
96-well cell culture plate. Tumor cells can also be harvested by taking advantage of the differences in cell susceptibility to the action of trypsin and/or the chelating 
agent EDTA. By exposing a mixed culture of tumor and normal cell colonies to low concentrations of trypsin, EDTA, or both, cells are selectively detached from the 
flask surface. If normal cells are detached, the trypsinate is removed and discarded. The attached tumor cells are washed once with medium and refed with growth 
medium. Trypsinates containing mainly tumor cells are transferred to tubes and centrifuged. The pellets of cells are washed once with medium, centrifuged again, 
resuspended in growth medium, and seeded into new flasks. The old flask containing attached normal cells is then discarded.

FIGURE 18.3. A culture of adenocarcinoma cells ( left) contaminated with spindle-shaped fibroblasts. Adjusting serum concentrations and using mechanical methods 
of cloning can rid the culture of these contaminating normal cells (100 × magnification).

Some adenocarcinoma colonies, when completely surrounded by fibroblasts, produce aggregates of cells loosely attached to the tumor cell colony in response to the 
impediment of lateral growth by fibroblasts (Fig. 18.4). Gentle rapping of the flask easily dislodges these aggregates, which are harvested and cultured in new flasks.

FIGURE 18.4. Colonies of adenocarcinoma (center) are surrounded by normal mesothelial cells (100 × magnification).

Some NSCLC cells, especially large cells and squamous cells, produce densely packed colonies. The peripheral cells continue to grow and migrate laterally, 
infiltrating the surrounding fibroblast monolayer and eventually, if bacterial or fungal contamination can be avoided, displacing the fibroblast cells. This displacement 
of fibroblasts after long periods of cultivation can be attributed to the ceasing of fibroblast growth as a result of contact inhibition, which eventually results in the 
deterioration of fibroblast cells by aging.

MAINTENANCE OF CELL LINES

We arbitrarily designate isolated tumor cell cultures as cell lines only after 25 passages and six months of continuous in vitro culture. The cells are maintained in 
75-cm2 tissue culture flasks, usually in the medium of isolation, and passaged every 7 to 10 days at low split ratios (1:2 or 1:3). For passaging, adherent cells are 
treated with a warm solution of 0.4% trypsin and 0.02% EDTA in Ca 2+- and Mg2+-free phosphate-buffered saline (PBS) for one to two minutes at room temperature 
following a single wash with warm PBS to remove serum and divalent ions (Ca2+ and Mg2+). The serum contains trypsin inhibitors, and divalent ions are used by cells 
for attachment. Fresh serum-containing medium is added to the detached cells to stop the action of trypsin, and the cells are triturated with a pipet to break up cell 
clumps and sedimented by centrifugation. The cell pellet is resuspended in growth medium and distributed into new flasks.

Feeding adherent cultures is achieved by aspirating the spent medium with a suction apparatus fitted with heat-sterilizable platinum tubing. Platinum is ideal for this 
purpose because it heats and cools rapidly. Flasks of floating aggregate cultures are placed on a specially designed wooden block with a V-notch cut into it. The 
bottom corner of a flask is placed in this notch, and the cells are allowed to sediment to this corner by gravitation. Spent medium is aspirated by the suction apparatus 
and replaced with fresh medium. Alternatively, the cell aggregates are broken into smaller clumps by trituration, transferred to new flasks at lower densities, and refed 
with fresh medium.

The cultures are fed once during the 7- to 10-day period, usually 3 to 4 days after passaging. Established cultures are fed with antibiotic-free medium so that periodic 
mycoplasma testing can be done using Gen-Probe.

It is important to freeze isolated cultures early and at several passages to prevent loss of these early cultures to laboratory accidents (e.g., bacterial, fungal, or 
mycoplasma contamination, wrongly prepared medium). Freezing medium consists of filter-sterilized 40% RPMI 1640, 10% dimethyl sulfoxide, and 50% FBS. Cells 
are stored at 135°C or lower in nitrogen or a compressor-driven ultra-low-temperature freezer, preferably in several freezers located at different sites to prevent loss of 
frozen cell stocks to freezer breakdown. A large stock of frozen cells is essential for cell lines that can only be used for limited passages.

CHARACTERISTICS FOR EARLY IDENTIFICATION

Identification of a tumor begins long before a sample of the tumor reaches the cell culture laboratory ( Table 18.3). Information on the tumor type submitted with the 
specimen is invaluable in selecting the processing method and media. This is especially true in choosing a selective medium. If only a small sample is available, the 
wrong choice of selective medium usually results in loss of the specimen.



TABLE 18.3. CHARACTERISTICS FOR EARLY IDENTIFICATION OF HUMAN LUNG CANCER CELLS

SCLCs grow in the serum-free, defined medium HITES as floating aggregates, which can be tightly packed spheroids in the classic morphology ( Fig. 18.5) or more 
loosely structured aggregates in the variant morphology ( Fig. 18.6). The cells are positive for L-dopa decarboxylase (DDC), creatine kinase brain-type isoenzyme, 
neuron-specific enolase, and bombesinlike immunoreactivity. 24,25,26 and 27 Variants usually have barely detectable or no DDC activity but retain the other biochemical 
markers. Cytospin preparations of SCLC cells show small round cells with scanty cytoplasm and a few inconspicuous nucleoli. Variant cells are slightly larger, with 
more cytoplasm and more prominent nucleoli.

FIGURE 18.5. Classic cell aggregate morphology of small cell lung cancer in culture is characterized by floating, tightly packed spheroids (100 × magnification).

FIGURE 18.6. Cell aggregates of variant small cell lung cancer in culture have more loosely structured appearances compared with the classic morphology (100 × 
magnification).

Large cell carcinoma cells grow as attached epithelial cells that are generally uniform in size ( Fig. 18.7). These cells show no evidence of squamous cell or 
adenocarcinoma differentiation.

FIGURE 18.7. Large cell lung cancer in culture. These cell lines appear epithelial and uniform in size (100 × magnification).

Squamous cell carcinoma cells grow as adherent cultures, forming whorls that resemble keratin pearls ( Fig. 18.8). Cornified envelope formation is the most 
distinguishing characteristic of squamous cells, which are only seen in multilayered cultures. Unfortunately, cornified envelope formation is a terminal event. Only 
cultures that can be maintained in a delicate balance of dividing undifferentiated cells and nonreplicating differentiated cells survive.



FIGURE 18.8. A monolayer culture of squamous cell lung cancer (100 × magnification).

Adenocarcinoma cells grow in the selective medium ACL4 as adherent cultures. The cells are large and vary in size. Mucin production ranges from a few small 
vacuoles to goblet cell production. A few adherent cultures produce domes, which occur when fluid lifts the cells off the substrate ( Fig. 18.9). Some adenocarcinomas 
grow as floating aggregates and produce glandular structures. Approximately 20% of adenocarcinomas show neuroendocrine phenotype, 3 and these cells usually are 
DDC-positive.

FIGURE 18.9. Adherent culture of adenocarcinoma of the lung. Dome formation is also seen (100 × magnification).

BLs grow as floating aggregates resembling variant SCLC clumps. They form loose aggregates and characteristically have spikelike protrusions (uropods) radiating 
outward from the aggregates. Giemsa-stained smears show cells with abundant cytoplasm and large nucleoli. BL cells express Epstein-Barr virus nuclear antigen. 
These cells require serum for growth, so they could be easily suppressed by growing them in serum-free HITES or ACL4 medium.

CONCLUSIONS

Earlier attempts to establish lung cancer cell lines were greatly impeded by the need to use serum-containing media, which favored fibroblast cell growth. Hence, 
fibroblasts outgrew and overgrew the slower growing carcinoma cells. The development of the serum-free, growth factor—supplemented media HITES for the 
selective growth of SCLC cells and ACL4 for the culturing of adenocarcinoma cells eliminates this problem. As a result, large panels of well-characterized SCLC and 
adenocarcinoma cell lines have been established. The easy availability of large numbers of well-characterized cell lines has generated an intense interest in lung 
cancers, resulting in a rapid accumulation of knowledge regarding the biology and molecular genetics of lung cancer.

The development of new technologies in cell culture and the determination of nutritional requirements for an ever-increasing number of tumor cell types will make cell 
lines from most human tumors available.
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“Pulmonary carcinogenesis is studied in animals in order to determine the pathogenesis, prevention, early detection, and treatment of this disease on behalf of man.” 1 
Lung tumors in domestic animals were periodically observed by veterinarians, but it was not until Livingood's histologic description 100 years ago of a papillary tumor 
in a mouse2 that the use of animals as experimental tools began. Genetically homozygous mice were established in the 1920s following generations of inbreeding, 
and inbred strains could be distinguished by their susceptibility or resistance to spontaneous or chemically induced lung tumor development. Procedures for testing 
putative carcinogens in rodent bioassays became more standardized, and are used today by regulatory agencies to assess carcinogenic risk. The most commonly 
used species in experimental respiratory carcinogenesis are mice, rats, hamsters, and dogs. 3 This chapter describes how animal models help in understanding lung 
cancer: by revealing the biology and molecular events during experimental pulmonary oncogenesis, by delineating genes that regulate tumor development, and by 
providing a convenient testing ground for innovative chemopreventative and chemotherapeutic strategies.

EXPERIMENTAL ADVANTAGES OF ANIMAL MODELS

Animal models allow discovery of genotoxic compounds which induce tumors and nongenotoxic agents that modulate carcinogenesis. Genes that regulate 
susceptibility to these agents and the timing of molecular events during tumor progression can be elucidated. Because different species develop different types of 
tumors, several animal models may prove valuable for delineating the biochemical changes that characterize a particular class of lung tumor.

Defined Exposure to Tobacco or Compounds with Related Mechanisms

People are continuously exposed to potentially harmful mixtures of chemicals and physical agents. The laboratory environment allows controlled administration of 
these environmental toxicants to animals (Table 19.1). Experimental variables typically include dosage, dosing frequency (e.g., lifetime exposure, a single injection of 
a rapidly metabolized substance), and host factors at the time of exposure (e.g., age, genetic background, and nutritional and proliferative status). Inbred strain A/J 
mice given a single intraperitoneal injection of 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK), a carcinogenically potent tobacco-derived nitrosamine, at any 
time after birth, develop dozens of benign lung adenomas within a few months. 4 When more time elapses following carcinogen administration, many of these induced 
tumors progress to adenocarcinomas that are histopathologically indistinguishable from human adenocarcinomas. 5

TABLE 19.1. CATEGORIES OF AGENTS THAT STIMULATE OR DISCOURAGE LUNG TUMOR DEVELOPMENT IN ANIMALS

In order for the full complex mixture of cigarette smoke to induce adenomas and adenocarcinomas in A/J mice, chronic exposure (e.g., six hours per day, five days per 
week for five to six months) followed by a recovery period in air for over four months is necessary. 5

Modulations of Tumor Formation by Nongenotoxic Chemicals

The antioxidant, butylated hydroxytoluene (BHT), a widely used food additive, inhibits both tumor incidence and multiplicity in adult A/J mice receiving this agent prior 
to carcinogen administration. 6 Antioxidants inhibit lung tumor formation by interfering with the conversion of an inactive carcinogen to a more chemically reactive 
metabolite. Conversely, BHT, but not other antioxidants, can be converted through cytochrome P450 metabolism to an oxidative species that causes pneumotoxicity. 
Interestingly, if repeated doses of BHT are administered after carcinogen exposure, tumor multiplicity is enhanced. 7 One current explanation for this seemingly 
paradoxical behavior is that growth factors released at the injury site selectively stimulate the division of mutated cells. For example, in BALB/C mice exposed to 
3-methylcholanthrene (MCA), a polycyclic aromatic hydrocarbon (PAH) found in cigarette smoke, tumors do not develop in the absence of BHT treatment. 8 This 
corresponds to a classic initiation/promotion protocol.

The experimental advantage is that the promotion stage is reversible, involving only altered gene expression, and does not include additional irreversible changes to 



DNA structure, such as those that cause oncogene activation or tumor-suppressor gene inactivation. The promotion stage is thus amenable to chemoprevention 
strategies. Among the changes BHT elicits that would encourage the growth of initiated cells are inflammation, 9 altered apoptosis,10 and diminished cell to cell 
communication.11 A role of inflammation in lung tumor development may account for the efficacy of anti-inflammatory drugs and tea polyphenols in inhibiting tumor 
formation (Table 19.1). Isothiocyanates inhibit lung tumorigenesis at the initiation stage by altering carcinogen metabolism. Cruciferous vegetables accelerate 
carcinogen clearance from the body. Farnesylation inhibitors prevent the KRAS oncogene product activated by an initiating mutation from binding to the plasma 
membrane to exert its activity.

Dissection of the Complex Ways That Cancer-Related Genes Respond to Environmental Agents

A/J mice develop tumors by the end of their lifetimes even in the absence of any applied carcinogen, but C57BL/6J mice do not. C57BL/6J mice are also resistant to 
lung carcinogens, even if they are given at a high dose or in multiple doses. 12 Similar or identical genes probably regulate susceptibility to both spontaneous and 
chemically induced lung tumor development. Susceptibility to a complete carcinogen such as urethane and susceptibility to a promoting, nongenotoxic agent such as 
BHT are regulated by different genes, however. Tumor multiplicity is affected by BHT in only some of the strains of mice that respond to urethane. 9

Evaluating the Temporal Sequence of Tumorigenesis

Because tumorigenesis is initiated by the experimenter, each stage of neoplasia (i.e., hyperplasia, benign tumor formation, and the benign-to-tumor transition) can be 
studied independently. Thus the researcher can distinguish between molecular changes that precede the onset of hyperplastic foci and those that characterize the 
evolution of malignancy from a benign stage, and thereby identify phenotypes that might be used for preclinical diagnosis.

PRIMARY LUNG TUMORS IN MICE

Mice are the most frequently studied animals in lung tumor research. Mice are less expensive to maintain, even for lifetime studies, than other species. Susceptible 
strains of mice develop lung tumors within a few months after carcinogen administration. The scientific advantages of mouse lung tumors as an experimental tool are 
their similarity to human adenocarcinomas 13,14 and the ability to apply genetic analytical techniques. A disadvantage is that mechanisms underlying small cell lung 
cancer (SCLC) and squamous cell carcinoma cannot be examined, because these classes of tumors do not occur in murine models.

Histogenesis

The only type of lung tumor that develops in the mouse is the peripheral adenoma, which often progresses to adenocarcinoma. Adenomas are benign, glandular 
structures with no evidence of invasion into the surrounding adjacent tissue. These adenomas can be of a solid lepidic pattern and grow along the alveolar septae 
without compression, or they can adopt a papillary, fingerlike growth pattern ( Fig. 19.1). Most mice contain both adenoma types, but the relative proportion of these 
types within a single mouse depends on the length of time following carcinogen application, the genetic strain used, the age of the mouse at the time of 
administration, and the nature of the carcinogen. Among inbred strains, adenoma growth patterns vary from all papillary to all solid. In each strain, however, the 
percentage of papillary adenomas increases as a function of time following carcinogen administration. 15 Papillary adenomas tend to have a longer latency period than 
solid adenomas, and malignant tumors have been observed to arise within a papillary adenoma. 16 When adult A/J mice are treated with urethane, 80% to 85% of the 
adenomas present 14 weeks later are solid. Following transplacental carcinogenesis, however, all tumors formed are papillary. 17 Because the proportion of the two 
histologic tumor types is not related to the tumor multiplicity that is characteristic of a particular strain, a unique set of genes for pulmonary adenoma histologic type 
(paht),18 has been hypothesized to regulate lung tumor phenotype.

FIGURE 19.1. A: Solid or lepidic and (B) papillary tumors induced by urethane in A/J mouse lung. Hematoxylin and eosin stain; (50 × magnification). (From Thaete 
LG, Gunning WT, Stoner GD, et al. Cellular derivation of lung tumors in sensitive and resistant strains of mice: results at 28 and 56 weeks after urethane treatment. J 
Natl Cancer Inst 1987;78:743, with permission.)

These observations imply that the differentiation status of the lung at the time of carcinogen application determines adenoma histology. The cells within solid tumors 
have ultrastructural and biochemical features (i.e., round nuclei and lamellar bodies that synthesize surfactant) that typify alveolar Type II pneumocytes. 19 These are 
the stem cells of the alveoli; when the fragile Type I cells that compose more than 90% of the alveolar surface are injured and die, the Type II cells divide and 
differentiate to replace them. Type II cells are one of the few pulmonary cell types that proliferate in an unstimulated lung or following the release of growth factors 
during injury.

Three hypotheses have been advanced regarding the cellular origins of papillary tumors. 20 First, these tumors may arise by direct neoplastic conversion of nonciliated 
Clara cells, the putative stem cell of the bronchiole. The cells within these tumors have many features of Clara cells, including ultrastructure, enzyme and isozyme 
composition, and cytokeratin content. Clara cells metabolize carcinogens and undergo hyperplasia following carcinogen injection. 21 Other species, such as humans22 
and hamsters,23 develop adenomas from Clara cells. The second hypothesis is that papillary tumors are the more aggressive structures to which some solid tumors 
progress and, therefore, like the solid adenomas, also arise from type II cells. 24 This hypothesis is based on the longer latency of the papillary tumors, the fact that 
type II cells can also metabolize carcinogens, a Clara cell-like morphology of some neoplastic type II cells, and the absence of CC10 (Clara cell-derived protein of 
10,000 to 16,000 molecular weight, also called CC16); this is a secreted uteroglobin frequently used as a cellular biomarker for Clara cells. The third hypothesis is 
that developmental precursor cells, either multipotential stem cells that can differentiate into a Type II or Clara cell, or type II-specific precursors whose differentiative 
fate is altered by a carcinogen-induced activation of a protooncogene, are the papillary cells of origin. The main support for this hypothesis is the predominantly 
papillary tumor composition following transplacental carcinogenesis, 17 an ontogenetic stage in which a presumably high content of these precursor cells exist. The 
plasticity of type II and Clara cell structures (i.e., the wide range of structures that these cells can assume), the changes in cell composition that occur upon neoplastic 
transformation, and the many similarities between these two cell types make it difficult to distinguish among these possibilities.

The paht genes either determine which cell type is more susceptible to neoplastic growth or regulate the progression of a benign solid adenoma to an aggressive 
papillary adenoma that may become malignant. It is also important to clarify this phenotypic diversity because it has been postulated that a large portion of human 
adenocarcinomas arise from type II and Clara cells because many adenocarcinomas express genes characteristic of these cell types. 22,25,26 and 27 Over the past few 
decades, both the absolute incidence and relative incidence of adenocarcinoma among non–small cell lung cancer (NSCLC) patients have increased, whereas the 
relative frequency of squamous cell carcinoma has decreased. Adenocarcinoma is now the most frequent histologic type of human lung cancer in the United States 
and Japan. The incidence of lung cancer among nonsmokers has become the eighth most commonly diagnosed human cancer, and adenocarcinoma is the main 
tumor type in these people. The etiologic cause for this increased incidence of adenocarcinoma is unknown.

Molecular and Biochemical Changes during Mouse Lung Tumor Progression

Figure 19.2 illustrates the timing of some of the molecular and biochemical changes that occur in the course of mouse lung tumor progression; they are described in 



the following sections. Inbred strains vary at several points along this temporal pathway, and these variations can be used to understand the role of each change.

FIGURE 19.2. Time scale of mouse lung tumorigenesis. Sequential molecular changes following carcinogen application. Increased ( ) and decreased (¯) activity are 
indicated. RB1, P53, and p16 are tumor-suppressor genes.

The biochemical changes detectable in neoplastic lung cells encourage cellular autonomy by increasing their resistance to normal host-mediated control mechanisms 
and to applied chemotherapeutic agents. The neoplastic mouse lung cell demonstrates the following factors:

1. Enhanced ability to proliferate. Mutant KRAS p21 allows continuous stimulation of downstream protein kinases, which leads to increased expression of proteins 
that stimulate cell proliferation. MYC expression enhances cell proliferation and is frequently overexpressed in lung tumor cells. p53 mutation increases the 
half-life of MYC, and p53 is a proliferative stimulus. RB1 is a cell-cycle brake; its deletion and inactivation by mutation interfere with cell-cycle control.

2. Resistance to negative growth factors. The disturbances in cAMP signal transduction, as well as other pathways that allow cells to respond to environmental 
change (e.g., glucocorticoids, protein kinase C, gap junctions), may permit these cells to ignore or misperceive signals emanating from outside the cell that 
instruct the cells to stop dividing.

3. Resistance to agents that might cause cell death. These agents include the losses of constitutive and inducible P450 isozymes and NADPH-dependent quinone 
oxidoreductase (NQO1), all of which modulate the toxicity of foreign compounds.

DNA Structure and Behavior Are Modified Within 24 Hours After Carcinogen Application

The earliest alterations that have been detected are DNA methylation, covalent binding of an unmodified or metabolically altered form of the carcinogen to DNA, and 
diminished cell proliferation. The methylation of cytosines, particularly those associated with CpG islands within the promoter regions of genes, is emerging as a 
fundamental mechanism for transcriptional repression of tumor-suppressor and regulatory genes in cancer. 28 Changes in the balance of methylation within the cell 
have been linked in part to increased activity of DNA-methyltransferase (DNA-MTase), the enzyme that catalyzes DNA methylation at CpG sites. 29 Exposure to NNK 
results in increased DNA-MTase activity and genomic 5-methylcytosine levels, indicative of hypermethylation, in alveolar Type II cells isolated from A/J mice. 30 This 
change was detected seven days after carcinogen treatment, occurred in Type II cells but not Clara cells, and was specific to sensitive A/J mice; these changes were 
not seen in cells isolated from resistant C3H mice. In addition, DNA-MTase activity increased incrementally during lung cancer progression in A/J mice and coincided 
with increased expression of the DNA-MTase gene in hyperplasias, adenomas, and carcinomas. Thus increased DNA-MTase activity and concomittant 
hypermethylation are strongly associated with neoplastic development and may constitute a key step in carcinogenesis and a biomarker for premalignancy.

The persistence of DNA adduct formation has been correlated with lung tumor incidence. For example, NNK forms significantly more O 6-methylguanine adducts 
(O6MG) in Clara and type II cells than in whole lung. 25 Additionally, the activating mutation in the KRAS protooncogene can be correlated with the particular DNA 
adduct formed by a carcinogen. NNK causes a G®A transition in the second base of codon 12 in KRAS, which could result from base mispairing caused by O6MG.31

A rough estimate of the carcinogenicity of a compound is its effect on the proliferation of the target cell population. 32 Administration of many tissue-damaging agents to 
an animal causes a rapid but transient decrease in the 3H-thymidine labeling index of the target cell population. This reduced level of 3H-thymidine incorporation into 
DNA probably reflects the removal of cells that have been fatally damaged by the toxicant. Both lung-tumor–susceptible and –resistant strains exhibit a similar 
decrease in the labeling index of their Type II cell populations. 33 Strains vary, however, in their proliferative behavior after this initial reduction. 
Lung-tumor–susceptible strains such as A/J contain more dividing type II cells seven to 14 days after urethane treatment than prior to carcinogen administration. 33,34 
Resistant strains, such as C57, merely recover their original proliferative level, and the timing of this recovery occurs later. Strains of mice with intermediate 
susceptibility (i.e., those that develop fewer tumors than A/J mice) show a smaller “overshoot” than A/J mice. These areas of intense proliferative activity are 
regionally localized and constitute the hyperplastic foci that will give rise to tumors. The relative basal proliferative rates (i.e., cell division in the absence of 
carcinogen treatment) of the alveolar type II and bronchiolar Clara cells in these strains correlate with tumor multiplicity. 35 It is easy to imagine how an increased 
proliferative rate could enhance the actions of carcinogenic inducers. For example, when a cell divides before a DNA adduct can be repaired, this increases the 
likelihood that the adduct will cause improper base pairing during DNA replication.

Biochemical Alterations Have Occurred by the Time the Benign Tumor Stage Is Reached

When DNA from benign tumors is transfected into NIH 3T3 cells, multilayered cell islands accumulate; growth above a monolayer is a neoplastic characteristic. The 
gene responsible for this neoplastic transformation is usually KRAS.31 In fact, mutations in KRAS can be detected if hyperplastic foci are microdissected from tissue 
sections (see also Chapter 27), their DNA is extracted and amplified by the polymerase chain reaction (PCR), and the DNA is then sequenced. 25,36 It is probable, 
therefore, that mutation of KRAS is one of the events that initiates the tumorigenic process. The mutations in KRAS are in codon 12 or 61, the same sites where 
activating mutations typically occur in many human adenocarcinomas. 37 Moreover, the mutational spectrum seen in lung tumors from A/J mice relates directly to the 
specific mutagenic adducts formed as a result of carcinogen activation. 31 Spontaneous lung tumors have KRAS mutations at these same codon sites, but in contrast 
to chemical activation, mutational specificity is not observed. The resulting conformational change in the mutated KRAS p21 protein product interferes with GTP 
hydrolysis and renders the KRAS molecular switch in a permanently “on” position. This allows the transcription of genes associated with proliferation without growth 
factors.38

Although most chemically induced tumors in A/J mice contain KRAS mutations, activation of this gene is not always observed in lung tumors induced in other mouse 
strains. Half of the lung tumors induced in the CD-1 mouse by diethylnitrosamine (DEN) do not contain mutant KRAS.39 The AXB and BXA recombinant inbred strains 
derived from A/J and C57 display a continuous pattern of lung tumor susceptibilities; some strains are as susceptible as A/J, some as resistant as C57, with the others 
in between. Tumors induced in those strains with the highest tumor multiplicities all had KRAS mutations, whereas the mutation incidence in strains with lower 
susceptibility was less. 40 The identity of the activated oncogene or oncogenes responsible for tumorigenesis when KRAS retains its wild-type structure is unknown. 
When ascertained, this will stimulate a search for a similar oncogene in those human adenocarcinomas that lack KRAS mutations and may lead to new prognostic 
strategies.

No mutation in any other oncogene has been identified, although enhanced expression of MYC is frequent. Mutations or deletions in the tumor-suppressor genes 
have been noted in mouse lung carcinomas. P53 mutations were found in adenocarcinomas but rarely in adenomas, suggesting that this alteration might drive the 
benign-to-malignant transition. 36 Loss of heterozygosity involving the p16 gene on chromosome 4 is also frequent in malignant but not in benign mouse lung 
tumors.41,42 In addition, cell lines derived from these mouse lung tumors often have homozygous deletion 42,43 of the p16 gene, implying that inactivation of this 
tumor-suppressor gene is a late event in murine lung carcinogenesis. This contrasts with recent studies in the rat and human where inactivation of p16 appears to be 
a critical early event. 44

A characteristic of neoplasms is their resistance to chemotherapeutic agents. There are numerous mechanisms for this resistance, including enhanced transcription of 
the glycoprotein that pumps certain classes of xenobiotics out of cells. Another mechanism is a reduction in the content of enzymes that activate prodrugs. This is 



particularly relevant to mouse lung tumors, because Clara and type II cells are the main pulmonary sites of xenobiotic metabolism. The content of various cytochrome 
P450 isozymes, such as the phenobarbital-inducible IIB isozyme, is reduced in mouse lung adenomas. 21 The PAH-inducible IA1 isozyme is negligibly present in 
mammalian lungs but is highly inducible. The extent of IA1 induction in adenomas is lower than in control lung; by the carcinoma stage, IA1 induction is not 
detected.21 There is thus a gradient of P450-mediated xenobiotic resistance of these tumors from the benign to the malignant stages. A functional consequence of a 
diminished ability of neoplastic tissue to respond to toxicants is exemplified by the decreased CYP2E1-dependent metabolism of 1,1-dichloroethylene (DCE), a 
chemical that injures Clara cells in mice. Formation of the glutathione-conjugated product of the DCE epoxide, which occurs at a high rate in Clara cells, was deficient 
in Clara cell hyperplasias, adenomas, and carcinomas. 45 NQO1 detoxifies quinones by catalyzing a two-electron reduction to form a hydroquinone, thereby preventing 
oxygen radical formation. For some chemotherapeutic drugs, such as mitomycin C, this could result in bioactivation. NQO1 localizes to type II cells, as determined by 
histochemical assay.46 By the adenoma stage, no NQO1 activity is detectable, 46 and cell lines derived from these tumors also lack NQO1 activity. This loss in NQO1 
activity is one of few characteristics of mouse lung tumors that are dissimilar from human adenocarcinomas. In fact, there is a marked increase in NQO1 activity and 
NQO1 mRNA content in many types of human NSCLC relative to normal lung or to SCLC.47 This tumor-specific increase in NQO1 content has stimulated the design 
of quinones requiring bioactivation by NQO1 that potently inhibit the growth of NSCLC xenografts 48 and are now in clinical trials. It is noteworthy that practical 
consequences might ensue from the mouse lung tumor model even in this case, where a feature of the model differed from the human equivalent because the mouse 
studies led to the pursuit of these human investigations.

In addition to becoming relatively autonomous from environmental stimuli by decreasing the concentration of their xenobiotic-metabolizing enzymes, tumor cells also 
show derangements in their signal transduction machinery. As mouse lung tumors advance toward malignancy, several changes in cAMP-dependent protein kinase 
(PKA), which mediates the actions of cAMP in cells, have been observed. These changes include altered cAMP binding affinity, an enhanced degree of degradation 
of the regulatory (R) subunits of PKA by the Ca2+-dependent protease calpain, and altered regulation of R-subunit autophosphorylation. 49 These changes make the 
tumor cells less responsive to hormone- or growth factor-induced elevations in cAMP content. cAMP derivatives inhibit the growth of the mouse lung epithelial cells. 50 
Cell lines have been established from normal mouse lung explants. 51 They are immortalized but have features common to other nontumorigenic cell lines, such as 
anchorage dependence and contact inhibition. Spontaneous transformants of these nontumorigenic cells have been selected, and additional tumorigenic cell lines 
have been derived from mouse lung tumors.52 These neoplastic cell lines grow as tumors when injected into syngeneic or immunocompromised mice, and are 
anchorage-independent; most of them have mutant KRAS.53 Interestingly, these neoplastic lines with less PKA are less sensitive to cAMP-mediated growth inhibition 
than their nontumorigenic parental cell lines. 50 When the signal-transducing properties of neoplastic cell lines are compared to the nontumorigenic cells, defects in 
cAMP synthesis, caused by decreased b-adrenergic receptor function and decreased Gsa (the alpha subunit of the stimulatory GTP-binding trimeric complex that 
transduces hormonal occupation of a receptor to activate adenylate cyclase) function are observed. 54 Depressed R-subunit protein and mRNA content and altered 
regulation of R-subunit message stability complete this pattern of unresponsiveness. 55 Additional signaling pathways are compromised in these neoplastic cells, as 
seen by a decreased content of glucocorticoid hormone receptors, 56 epidermal growth factor receptors (EGFR),57 platelet-derived growth factor receptors (PDGFR), 58 
and protein kinase C.59 Finally, these lung tumor cell lines have a reduced capacity for the intercellular communication that occurs via passage of small molecules 
from cell to cell through gap junctions. 60

Genetic Basis of Susceptibility to Lung Tumor Growth

Inbred Strains

“The close genomic organization and functional relationship between the mouse and human genomes make the mouse an ideal mammal for the study of human 
disease and the disease process. Homologous genes are linked in both the mouse and human. Mutations in identical genes often produce identical or similar 
phenotypes in both species.”61 Inbred strains of mice provide populations with genetically identical members. Inbred strains are derived by mating brothers and sisters 
over several generations, and the strains differ from each other at many loci as the result of random loss or retention of allelic forms of each gene. Inbreeding has 
eliminated genetic variability as an experimental problem and generated differences among strains which can be used to understand the molecular basis of 
phenotypes. Identification of the genes underlying a particular pathology leads to their possible use in prevention, diagnosis, or therapy.

The genes responsible for determining whether untreated mice develop lung tumors may also regulate responsiveness to carcinogens, because the same strain 
distribution describes inheritance of spontaneous and chemically induced tumors. 12 Tumor susceptibility is organ-specific; a strain such as A/J is highly susceptible to 
lung tumor development but resistant to hepatocarcinogenesis. 62 Analysis of strain differences in lung tumor incidence and multiplicity by conventional Mendelian 
crosses indicates that this is a polygenic trait. Recombinant inbred (RI) strains are a useful tool for genetic analysis. When two different inbred strains are mated, their 
alleles are randomly shuffled among the F2 progeny, which are then inbred to establish strains with different allelic assortments. The continuous gradient of tumor 
multiplicities among the RI strains derived from susceptible A/J and resistant C57 strains confirmed the polygenic character of lung tumors. 63

KRAS

Polymorphisms have been found among inbred strains in the structure of the KRAS protooncogene. DNA digestion with the EcoRI restriction endonuclease resulted in 
fragments of two different sizes, depending upon the strain. When the susceptibility to lung tumor development was compared to the distribution of this restriction 
fragment length polymorphism (RFLP) (see also Chapter 1) among inbred and RI strains, a good correlation was seen. 64 This indicates that KRAS is one of the genes 
determining susceptibility, referred to as the pulmonary adenoma susceptibility ( Pas) genes. The basis of the RFLP is a 37 bp tandem repeat present in the second 
intron of KRAS; resistant strains have two repeats of this segment, whereas susceptible strains have a single copy. 65 Because the several dozen inbred and RI strains 
examined had either one or two copies of this sequence, but neither had zero nor more than two copies, and because this 37 bp sequence was unique to the KRAS 
intron, this is not a random transposition. Linkage analysis using F2 or backcross mice produced from crosses between sensitive A/J and a resistant strain also 
suggested that a major susceptibility site mapped near the KRAS gene on chromosome 6.40,66,67,68 and 69 These quantitative trait locus (QTL) mapping studies indicated 
that the KRAS locus, or a gene linked very close to it, accounted for about two thirds of the variation in tumor multiplicity between sensitive and resistant strains. 69

KRAS is a pas gene and is also the site of the probable initiating mutation. The number of copies of this 37 bp sequence often reflects the susceptibility to lung tumor 
induction. The polymorphism does not change the structure of the KRAS protein product because of its location within an intron. Rather, the presence or absence of a 
second 37 bp copy may regulate transcription. 65,66,70 If a mutant oncogene is not expressed, the mutation will be phenotypically silent. 71 The polymorphic difference 
within intron 2 has been used to determine which KRAS allele contains mutations in NNK-induced lung tumors from the C3A mouse (F1 hybrid cross between the C3H 
and A/J mice). The A/J allele was mutated and overexpressed in 90% of the lung tumors from carcinogen-treated C3A mice. 65 This predominance of mutations within 
the A/J allele from hybrid mice could stem from higher rates of transcription of the A/J allele compared with the C3H allele. However, this is not the sole mechanism for 
selective clonal expansion of the mutated allele from A/J mice. The effects on KRAS transcription of reporter gene constructs containing the K- ras promoter from 
either A/J or C3H mice ligated to the intron 2 polymorphic region from each strain were compared through transfection into tumor-derived cell lines from sensitive, 
intermediate, and resistant mouse strains. No significant differences were found in promoter activity. 72

Other Gene Candidates for Susceptibility

Congenic strains of mice are selectively bred to be genetically identical except at a single site. Studies of mice congenic for the H-2 locus, which is the mouse 
equivalent of the human HLA major histocompatibility genes that regulate macrophage-lymphocyte interactions, indicate that H-2 affects lung tumor multiplicity. A/J 
mice whose H-2 alleles have been replaced by those of the resistant C57 strain get fewer tumors than normal A/J mice. 73 Lung tumors are mildly immunogenic, and 
this effect of H-2 suggests that some of the factors regulating lung tumor development involve interactions of nascent tumor cells with immune cells. Lymphocytic and 
macrophage infiltrations into lung tumors have been observed. Genetically or surgically immunocompromised mice acquire more lung tumors, 74 which is consistent 
with a role of immune factors. The H-2 region, however, also contains genes with functions not confined to the immune system. The structural gene for the 
glucocorticoid receptor also maps to the H-2 region, and the amount of circulating corticosterone influences tumor multiplicity to the same quantitative extent as does 
H-2 variation.75 A urethane-treated, adrenalectomized A/J mouse develops about 30% more lung tumors than a sham-operated mouse, and mice implanted with a 
pellet that continuously releases excess corticosterone develop 30% fewer tumors. 76 Further, inhalation of budesonide, a synthetic glucocorticoid, nearly abolishes 
benzo(a)pyrene-induced lung tumor formation.77 Also, the TNFa gene is located at H-2, and this cytokine regulates growth and differentiation of many cell types. 
Finally, linkage studies have indicated that susceptibility loci are contained within the H-2 region. 69

Several chromosomal regions contain genes that confer sensitivity or resistance to lung tumorigenesis ( Table 19.2). When the F1 generation resulting from an 
intercross between a sensitive and a resistant strain is injected with a lung carcinogen, the hybrid mice may contain the arithmetic mean of the tumor multiplicities of 
their parents.78 In this case, the sensitive and resistant alleles are contributing equally to the susceptibility phenotype and are designated as pas (pulmonary adenoma 



susceptibility) alleles, or the resistant allele can display dominant inheritance, and the allele at that gene is described as pas (pulmonary adenoma resistance).78 
These chromosomal assignments were made using various mapping strategies that involve linkage analysis, which consists of breeding mice according to various 
schemes, phenotyping the progeny to see which mice carry the trait (i.e., lung tumor multiplicity), and genotyping them to find where within the genome they map 
based on their colocalization with previously assigned markers. A class of DNA polymorphisms known as microsatellites has recently been used in human and mouse 
genetic studies. These consist of simple, tandemly repeated, mononucleotide-to-tetranucleotide sequence motifs flanked by unique sequences, which serve as 
primers for PCR amplification. Inbred strains frequently vary in the number of repeat units in this motif at many chromosomal sites randomly distributed throughout the 
genome.79 The resulting size differences allow visualization on agarose or acrylamide gels.

TABLE 19.2. CANDIDATE GENES FOR THE PAS AND PAR LOCI AND THEIR HOMOLOGOUS REGIONS ON THE HUMAN CHROMOSOME

Hundreds of genes are contained within each of the chromosomal intervals, identified by linkage analysis, and identifying the single gene within each interval that 
regulates susceptibility is a daunting task. A further complication is that genes regulating susceptibility can interact with each other (epistasis) and either synergize or 
antagonize each other's contributions. 80 Many of the genes known to map within the pas and par loci have functions consistent with a role in susceptibility, such as 
encoding signaling molecules (i.e., receptors, protein kinases, G proteins, transcription factors, etc.), enzymes that catalyze metabolic activation and detoxification of 
carcinogens, and cytokines that modulate the immune response and inflammation. 81 Interestingly, many of these sites are deleted in human lung adenocarcinoma, 
supporting a role for them in neoplastic progression. The reason for expending such effort in identifying these tumor modifier genes is to learn what makes mice 
resistant to lung cancer, information that will yield new preventive and therapeutic drugs. This has been referred to by Dr. Richard Klausner, Director of the National 
Cancer Institute, as “the next great revolution in cancer research.” The ultimate test of a candidate susceptibility gene, in addition to its polymorphic status between 
sensitive and resistant strains and its under- or overexpression in the tumors, is using it as a transgene to confer, say, resistant status to a normally sensitive strain. 81

Transgenes and Targeted Genes with Induced Mutations

Lung tumors can be induced in transgenic mice with a mutated oncogene or tumor-suppressor genes as the transgene. Two relevant transgenic models involve the 
HRAS protooncogene82 and the SV40 virus large T-antigen. 83 The HRAS transgene was attached to a variety of promoter-enhancer elements (e.g., albumin, mouse 
mammary tumor virus, immunoglobulin). SV40 T-antigen was ligated to promoters that should be preferentially expressed in type II (the surfactant apo-C promoter) or 
Clara (CC10) cells. The mice generated with either transgene were born with lung tumors or developed lung tumors soon after birth. Because the original genetic 
backgrounds of the host mice were resistant, these activated oncogenes overcame this inherited resistance. The tumors were adenomas at early stages of growth 
which later became carcinomas with structural and biochemical features resembling those lung tumors that arise in nontransgenic mice. These mice, genetically 
engineered to develop lung tumors, have been used to test putative lung carcinogens 84 and for exploring tumor histogenesis. Individual tumors in mice made 
transgenic with the SV40 T-antigen targeted with an apo-C promoter were heterogeneous with regard to expression of CC10 or SPC. Some cells contained both of 
these peripheral respiratory epithelial markers, some cells contained one but not the other marker, and some cells expressed neither. 83 This suggests that type II or 
Clara cells or precursor cells committed to these phenotypes underlie lung tumorigenesis. Other potential uses are to delineate key steps in the cellular 
dysregulations leading to multi-step carcinogenesis, to examine interactions between known genes with oncogenic potential with each other, and to assess the 
functioning of these genes in different genetic backgrounds. Investigation into key steps in tumor development have used both transgenic and knock-out mice. 
Overexpression of prostacyclin synthase raises the levels of prostacyclin, which has anti-inflammatory effects in the lung, and diminishes lung tumor multiplicity in 
response to carcinogens, implying a role for inflammation in tumor development. 85 Inactivation of O6-methylguanine-DNA methyltransferase (Mgmt), an enzyme that 
catalyzes adduct removal, gave rise to mice especially sensitive to lung tumorigenesis, 86 emphasizing the critical need for DNA repair in preventing lung cancer.

PRIMARY LUNG TUMORS IN RATS

In the early 1970s, the National Cancer Institute developed a protocol using rodents to evaluate the carcinogenic potential of chronic exposure to environmental 
agents. This protocol was adopted and refined by the National Toxicology Program and employed the F344 rat and the B6C3F1 hybrid mouse (C57BL/6J × C3H/HeJ). 
More than 400 chemicals have been tested for carcinogenicity, and these data constitute the primary database available today for the evaluation of mammalian 
carcinogenesis. The F344 rat appears to be a good model for evaluating the ability of environmental exposures to induce pulmonary neoplasia. In contrast to the A/J 
mouse, which exhibits a 95% frequency of spontaneous tumors by 20 months of age, the frequency of spontaneous lung tumors in this rodent is only around 2%. 87 In 
addition, both of the two major histologic forms of human NSCLC, adenocarcinoma and squamous cell carcinoma, can be induced in this animal model by chemical 
carcinogens.

Histogenesis

Spontaneous neoplasms of the lung in the rat are primarily alveolar-bronchiolar adenomas or carcinomas. The major histologic types induced by carcinogen exposure 
are alveolar-bronchiolar adenomas or carcinomas and squamous cell carcinomas. The predominant histological type identified from chemical exposure is the 
adenocarcinoma, whereas squamous cell carcinomas are more prevalent in animals exposed to high doses of radiation. 88 Cells within adenomas and carcinomas 
grow in a solid, papillary, or mixed solid and papillary pattern. As in mice, adenomas with a solid growth pattern tend to remain benign, whereas the papillary pattern 
has been associated with differentiation to the malignant state. 89

Progenitor Cells

Lung neoplasms in the F344 rat originate in the lung periphery from a proliferation of epithelial cells along the alveolar septae. Examination of the ultrastructure of 
hyperplasias induced following exposure to either NNK 89 or plutonium90 reveals morphologic features characteristic of type II pneumocytes. These cells typically 
contain numerous, prominent, cytoplasmic lamellar bodies and large round mitochondria. Ultrastructural examination of several adenomas and adenocarcinomas 
induced by these exposures also exhibit type II features. The malignant adenocarcinomas identified in the F344 rat lung appear to develop by the progression of 
alveolar hyperplasia to adenoma and ultimately carcinoma. Adenomas can be detected within hyperplasias, and carcinomas have been observed arising within 
adenomas.89

Determining the origin of the squamous cell carcinoma is complicated by the fact that no squamous epithelium is present in the normal tracheobronchial tree. The 
tumors exhibit all the ultrastructural characteristics of human squamous cells (i.e., tonofilament bundles, keratin, keratohyaline granules, desmosomes). Development 
of squamous cell carcinomas is not restricted to a single region of the pulmonary parenchyma; it occurs in both the bronchial and alveolar regions of the lung. 
However, the squamous cell tumors exhibit ultrastructural characteristics of the type II pneumocyte and do not demonstrate immunoreactivity with Clara cell antigen. 
These data suggest that the cuboidal epithelial cells that comprise some adenocarcinomas could transdifferentiate to a squamous cell phenotype. 90

Identification of the type II pneumocyte as the major progenitor cell for lung neoplasia in the F344 rat may prove to be a good model for studying the development of 
environmentally induced human lung cancers. Adenocarcinoma of the lung is rapidly becoming the most prevalent histologic type of tumor in the world. The reduction 
of tar and nicotine concentrations in cigarettes has led to a significant increase in puff volume and hence a greater exposure of the alveolar epithelium to the chemical 
carcinogens present in tobacco. Approximately 50% of human adenocarcinomas are mucin-secreting and consist of tall columnar cells, 26 whereas the remaining 



tumors have little or no mucin. Electron microscopy of these non–mucin-secreting tumors shows cells with morphologic features consistent with those of either a Clara 
cell or a type II cell. The ability to isolate specific lung cell populations from the rat following exposure to environmental carcinogens 89 provides an opportunity to study 
and identify genetic and epigenetic changes associated with tumor initiation and development.

Environmental Exposures

The contribution of mixtures, rather than of a single component, to the induction of pulmonary neoplasia is an active area of research. The most important mixture 
contributing to human lung cancer is tobacco, which contains over 4,000 chemicals, gases, and volatiles. Developing an animal model for tobacco-induced cancer has 
generally relied on carcinogenicity studies of single components such as NNK (described below). However, in recent studies (Nikula et al., unpublished) where F344 
rats were exposed to mainstream cigarette smoke equivalent to three to four packs per day, a significant increase in lung tumors was seen. Studying the mechanisms 
underlying lung tumor development in this cigarette-smoke model may be invaluable for dissecting the process of tobacco-induced cancer in people.

F344 rat lungs are also susceptible to pulmonary neoplasia following inhalation or systemic exposure to specific environmental and occupational chemicals; for 
example, intraperitoneal injection of rats with NNK-induced tumors at concentrations of NNK ranging from 1.5 to 750 mg. 89 The lowest amount of NNK mimics 
exposure to this nitrosamine by habitual cigarette smokers (two packs per day). Inhalation of tetranitromethane, a reagent used in industrial nitrosating processes, at 
concentrations similar to occupational limits induced lung tumors in F344 rats. 91 Thus, the F344 rat lung is a good model in which to study the molecular mechanisms 
underlying environmentally induced neoplasia.

Gene Dysfunctions

Examination of gene dysfunctions in lung tumors induced in the F344 rat has focused on both genetic and epigenetic mechanisms. Genetic studies have been 
restricted mostly to evaluating mutation frequency of the KRAS and P53 genes. The prevalence and specificity for activation of KRAS vary markedly among 
environmental carcinogens. Activation of this gene by a GGT-to-GAT transition was observed in 100% of the lung tumors induced by tetranitromethane. 91 KRAS was 
mutated in 40% of plutonium-induced lung tumors, with a GGT-to-AGT transition as the predominant base substitution. 92 In contrast, activation of this gene was 
observed in only 10% of the lung tumors induced by beryllium metal 93 and none of the lung tumors induced by NNK.94 Although activated RAS genes were not 
detected in lung tumors induced by NNK, DNA from seven of ten tumors induced subcutaneous tumors in a nude mouse tumorigenicity assay. The presence of an 
active transforming gene that is not KRAS was inferred by the detection of rat repetitive sequences in DNA from these primary nude mouse tumors. Since mutation of 
KRAS occurs in only 30% of human adenocarcinomas, 37 the identification of non-RAS transforming genes in pulmonary tumors induced by NNK may aid in defining 
the process of neoplastic transformation in human lung tumors.

Alterations within the conserved region (exons 5 through 8) of the P53 gene do not appear to be a common event in rodent pulmonary neoplasia. No 
adenocarcinomas induced by inhaled beryllium or injected NNK contained a mutation within this conserved region. In contrast, P53 dysfunction has been detected at 
variables frequencies (5% to 40%) in squamous cell carcinomas induced by either NNK, x-rays, diesel exhaust, or carbon black. 95 These results are in sharp contrast 
to the high prevalence of P53 mutations (50% to 65%) observed in human adenocarcinomas and squamous cell carcinomas.96 Genes within the P53 pathway (e.g., 
MdmII or Waf1) did not appear to be altered in rodent lung tumors. 95

The promoters of approximately 60% of human genes are located within areas rich in the CG dinucleotide, referred to as CpG islands. Recent studies 28 have 
demonstrated an inactivation of critical regulatory genes in cancer cells as a result of promoter methylation. Studies conducted in animal models address several 
important mechanistic questions concerning whether environmental exposures target genes for methylation, the timing of the corresponding gene inactivations, and 
the concordance with human studies. Promoter methylation of the estrogen receptor varied in rat lung tumors, being most frequent (80%) in plutonium-exposed 
animals but inactivated in only 20% of lung tumors induced by NNK. 97 Similar results were observed in lung tumors induced in A/J mice by NNK and human NSCLC 
associated with tobacco. The mechanisms that inactivate the tumor suppressor gene in human tumors, homozygous deletion and aberrant promoter methylation, also 
occur in primary rat lung cancers and derived cell lines. Promoter methylation clearly originates in the primary tumor. Inactivation of p16 by aberrant methylation is an 
early event in rodent carcinogenesis, occurring at a high frequency in alveolar hyperplasias resulting from NNK. 98 Analogously, p16 methylation has been detected at 
early stages of human squamous cell carcinoma development.44 Thus inactivating genes by methylation is recapitulated in rodent lung tumors. Future studies of 
genes such as p16 and estrogen receptor in rodent carcinogenesis models will be invaluable for understanding their roles in neoplastic progression and in defining 
the mechanisms associated with targeting genes for inactivation by this epigenetic process.

PRIMARY LUNG TUMORS IN HAMSTERS

Hamsters rarely develop spontaneous tumors and display little pulmonary inflammation, so that tumor yield is strictly a function of the experimental treatment. Mixtures 
of different carcinogens, such as PAHs and nitrosamines, gave an enhanced tumor yield, and combinations of chemicals similar to those found in cigarette smoke can 
potentially be instilled in these mixtures.

Problems associated with the use of hamsters in carcinogenesis studies include the following: their short tails preclude intravenous injections and make them difficult 
to handle, they may be aggressive and difficult to maintain, the hibernating status of the animals affects tumorigenesis, and concurrent infections can lead to variable 
tumor incidences.99

Histogenesis

Adenocarcinomas are the main tumor types induced in mice and rats by administration of individual or combinations of chemical carcinogens through any route. 
Although adenocarcinoma is currently the most common human lung cancer type, in the mid-twentieth century squamous carcinoma was most prevalent. Thus there 
was great excitement 30 years ago when bronchogenic carcinoma was produced in Syrian golden hamsters after intratracheal instillation of PAHs attached to ferric 
oxide particles.100 The metaplastic and dysplastic changes that preceded the formation of frank malignancy resembled those associated with human carcinomas, 
although whether they are preneoplastic lesions per se or markers of chronic injury was not clear. These changes include replacing the goblet cells in the 
tracheobronchial epithelium with mucous cells, followed by the formation of multiple layers of cuboidal cells on top of a basal cell layer. 101 This change is referred to 
as “epidermoid metaplasia” because of the keratinization of the surface layer and the presence of a high concentration of desmosomes, as is found in skin. This 
response to injury is similar to that in humans.

Tumors in hamster trachea and stem bronchi correspond to human bronchial carcinomas, whereas hamster lobar bronchial and bronchiolar carcinomas resemble 
human peripheral adenocarcinomas.102 Different tumors are induced by systemic versus topical application of chemicals. For example, subcutaneous or 
intraperitoneal injection of nitrosamines, such as DEN, induces peripheral tumors with Clara cell cytologic characteristics. These adenocarcinomas frequently contain 
mutated KRAS, but rarely exhibit mutated p53.103 Intratracheal absorption of 210Po, a radioactive soil contaminant present in cigarette smoke, also induces Clara cell 
adenocarcinomas.23 DNA adducts can be found in Clara cells after carcinogenesis treatment. 104

Neuroendocrine Tumors

Neuroendocrine tumors can be induced from a combination of nitrosamines plus continuous hypoxia or hyperoxia. 105 The theory is that the damage caused by 
aberrant arterial oxygen pressure will stimulate secretion of autocrine growth factors as part of the regenerative response. 106 This proliferation would augment the 
action of the carcinogen. The hypoxia would mimic the oxygen deficit caused by chronic obstructive pulmonary disease or smoking. Initial reports of hamsters treated 
in this manner described a 100% incidence of tumors with neuroendocrine features such as the secretion of bombesin, serotonin, calcitonin, and gastrin-releasing 
peptide. Subsequent studies by other investigators have not reproduced this observation, however, finding instead a marked but transient proliferation of peripheral 
neuroendocrine cells.107 Whether this represents division of mature neuroendocrine cells, recruitment from a stem cell along a neuroendocrine route of differentiation, 
or transdifferentiation from a different cell type, such as Type II cells, is not clear. 108

Inbred Strains

The number of tumors, the type of tumor induced, and their pulmonary location vary with the carcinogen used and the size of the carrier particles used to absorb the 
carcinogens in intratracheal instillation studies. Some improved techniques involve deposition of nitrosoureas onto a defined area of the trachea through a catheter to 



eliminate the need for particulate carriers, 109 and continuous carcinogen release from endobronchially implanted silastic carriers. 110 Perhaps most critical, however, is 
the fact that outbred hamsters are used in most research, and genetic variations are seen even when animals are purchased from the same vendor. Different outbred 
Syrian golden hamsters develop different distributions of spontaneous tumor types at various anatomic sites and vary in their susceptibilities to viral infections. An 
initial report of the use of inbred Syrian golden hamsters for respiratory carcinogenesis is very encouraging. 111 Tumors histologically analogous to those in humans 
were observed, and strains varied in their tumor susceptibility.

PRIMARY LUNG TUMORS IN THE BEAGLE

The advent of the nuclear age opened up a new era of research dedicated to assessing the biologic risks from radioactive fallout. Extensive studies using many 
internally deposited radionuclides were initially conducted in the rat and mouse. Based on data collected from these studies, external exposure limits and internal 
deposition limits for a large number of radionuclides were established. However, because these data were compiled using small animals with limited life spans, 
extrapolations to human risk were considered tenuous. The main criticism of the rodent studies was centered around an uncertainty of whether these animal models 
would exhibit the full array of late-developing effects that were characteristic of low-level radiation exposures in humans. In an attempt to circumvent these problems, 
life-span studies were initiated in the beagle by the Atomic Energy Commission beginning in the early 1950s. These studies were designed to compare the long-term 
toxicity of a variety of radionuclides 112 administered in either single or repeated exposures.

Histogenesis

The overall incidence of spontaneous lung tumors in beagles is approximately 0.1% per dog-year up to the age of 12 years, and increases to 0.7% after 13 years of 
age.113 Spontaneous canine neoplasms are mainly adenocarcinomas and, to a lesser extent, adenosquamous cell carcinomas. Several different histologic tumor types 
are induced by radiation. Papillary adenocarcinoma is the most common tumor induced by 239PuO2. These tumors originate in the peripheral lung and are associated 
with plutonium deposits, fibrosis, and bronchioloalveolar metaplasia. 114 Bronchioloalveolar carcinoma, adenosquamous carcinoma, and epidermoid carcinomas are 
also induced by plutonium. A similar histologic spectrum of tumors has been observed in dogs chronically inhaling radon daughters and uranium ore dust. 115

Progenitor Cells and Tumor Morphology

Radiation-induced lung tumors in beagles appear to originate primarily in the lung periphery. Although detailed morphologic analyses have not been conducted, the 
anatomic location of the neoplasms suggests that the tumors arise from Clara cells, Type II cells, or both. Squamous cell carcinomas may arise by squamous 
metaplasia of the subpleural lung. Preneoplastic lesions observed in the dog include atypical hyperplasia of the alveoli and bronchial metaplasia of the terminal 
airways. As in humans, adenomas are rarely detected in the beagle. Most adenocarcinomas exhibit a papillary growth pattern; solid growth patterns are only 
occasionally present.

Gene Dysfunctions

The analysis of gene dysfunctions in dogs has focused primarily on spontaneous and plutonium-induced tumors. The prevalence for activation of KRAS was 
examined in 21 spontaneous canine tumors.116 The overall mutation frequency was 25%, and nucleotide substitutions were distributed randomly within codons 12 and 
61. Mutation of this gene was not detected in plutonium-induced tumors in dogs. 117 These results contrast with the 40% frequency of KRAS mutation in lung tumors 
induced in the F344 rat by plutonium and in human adenocarcinomas associated with radon exposure. 118

The expression of EGFR119 and TGFA120 has been examined in spontaneous and plutonium-induced lung tumors; EGFR is the receptor for TGFA. Overexpression of 
EGFR and TGFA120 was observed in approximately 55% of tumors, irrespective of etiology. A positive association between increased expression of both the ligand 
and its receptor was not observed within the same tumor. However, 27% of radiation-induced proliferative foci expressed TGFA, and one third of these foci also 
expressed EGFR. Increased expression of a growth factor, its receptor, or both in these foci may indicate preneoplastic lesions with a heightened propensity for 
progressing to neoplasia. The possibility for selective growth advantage of pulmonary lesions via the EGF pathway has also been described in human NSCLC. 121

Altered expression of p53 protein has been determined by immunohistochemical analysis. Similar to the rat, the prevalence of p53 dysfunction was low (less than 
15%) in both spontaneous and plutonium-induced tumors and was restricted largely to adenosquamous and squamous histologic types. 117 In contrast, activation of the 
p53 gene is detected in 40% to 55% of human lung tumors associated with radon exposure. 122 Species differences in KRAS and p53 mutation frequencies suggest 
that multiple pathways exist for the development of cancers induced by high-LET (low energy transfer) radiation (plutonium, radon).

PERSPECTIVES FOR THE FUTURE

Chemoprevention and Intervention Using Animal Models

One major challenge in the study of lung cancer is the development of new intervention strategies to prevent and inhibit the spread of this disease in humans. Despite 
numerous radiation and chemotherapy protocols over the past 20 years, the median survival for nonresectable lung cancers is still only nine months. 123 When the 
pathways involved in the genesis of this disease are delineated, new therapies can be developed that focus not on cell killing but on modulating enzymes whose 
deregulation is responsible for cell transformation. New intervention strategies are usually evaluated in vitro using epithelial cell lines derived from a variety of human 
and rodent tumors or using cells injected into athymic nude mice.124 In vitro systems lack endogenous factors (e.g., hormones, cytokines) that could influence 
therapeutic responsiveness and do not allow for the evaluation of pharmacokinetic variables such as delivery of the therapeutic agent to target cells, a factor that can 
profoundly influence drug efficacy.

The use of an animal model such as the A/J mouse to evaluate promising new intervention protocols affords an opportunity to study the responsiveness of pulmonary 
lesions at different stages of progression to chemotherapeutic intervention. The efficacy of this animal model has been evaluated using a classic chemotherapy agent 
with potential synergistic compounds.125 Mice containing lung lesions (i.e., hyperplasia, adenoma, carcinoma) induced by NNK were treated for up to eight weeks with 
cis-platinum alone or in combination with indomethacin, metoclopramide, or both, and the effects on tumor growth were assessed. The most dramatic effects were 
observed in lungs from mice treated for eight weeks. Cis-platinum treatment reduced the size of carcinomas by 37%, whereas tumor mass was reduced by 50% to 
60% with cis-platinum in combination with indomethacin, metoclopramide, or both. As is often observed with a majority of human lung tumors that respond to 
chemotherapy, tumor mass was reduced in the lungs of A/J mice, but few malignant tumors were completely eliminated. This in vivo model is suitable for studying and 
developing new chemointervention therapies.

13-cis-retinoic acid is used to prevent oral premalignancies and second primary head and neck tumors in humans, 126 and the scientific basis for this application was 
upper respiratory tract carcinogenesis in hamster models. Squamous metaplasia can largely be prevented in hamsters by simultaneous treatment with retinoids, 
carotenoids, and selenium along with the carcinogen. 127 Deletion of vitamin A from the hamster diet constitutes a model for squamous metaplasia that is reversed on 
readdition of this retinoid. Retinoids induce a pathway of mucociliary differentiation (i.e., the production of ciliated and goblet cells from mucous cell precursors), but a 
retinoid deficiency leads to squamous differentiation and cornification of the tracheobronchial epithelium. 128

Several dozen compounds have been tested for their abilities to inhibit chemically induced lung tumors in A/J mice, 99,129 but few were potent enough to nearly abolish 
tumor formation. Budesonide, a synthetic glucocorticoid, reduced benzo(a)pyrene-induced tumor multiplicity by 90% when budesonide was administered through a 
nose-only nebulizer beginning one week following treatment with the inducer. 77 The convenience of this mode of administration of a chemopreventive agent suggests 
its practical use for humans at high risk of cancer development, and clinical trials are proceeding. Sulindac sulfone is a metabolite of the NSAID, sulindac, that, unlike 
its parent compound, fails to inhibit cyclooxygenase activity and the subsequent production of prostaglandins that inhibit neoplastic growth. Nonetheless, this 
derivative can prevent the formation of different tumor types in various animal models, possibly by stimulating apoptosis through its elevation of cGMP levels. 130 While 
the sulfone is equal to or less potent than sulindac at inhibiting rat models of mammary and colon tumors, respectively, it was much more effective than sulindac at 
inhibiting lung tumor formation in mice. 131 Its relative lack of toxic side effects has resulted in the initiation of phase I clinical trials to test the efficacy of sulindac 
sulfone in humans at high risk.

The next century will see lung cancer incidence in the world reach epidemic proportions due to the escalation of smoking in Asia and the failure of smoking cessation 
programs for many addicted smokers. In the United States alone, 40% of the population are either current or former smokers; half of the lung cancer patients seen in 



the clinic are former smokers. Thus some of the major challenges over the next decade will be dissecting the pathways of lung cancer pathogenesis, identifying 
biomarkers that detect early lung cancer, developing novel prevention and intervention therapies for high-risk people, and improving the management of disseminated 
disease. Completion of the human genome and murine genome projects over the next five years will provide a database rich in sequences that await functional 
studies. Some of the most promising new technologies for gene discovery include serial analysis of gene expression (SAGE), which identifies and quantifies hundreds 
of thousand of gene transcripts from tumor cells 132 and methylated CpG island amplification for the cloning of differentially methylated genes. 133 In addition, the 
development of microarrays and silicon-based chips 134,135 will facilitate the analysis of tumors for hundreds of gene alterations. The animal models developed for 
studying the progression of lung cancer following defined environmental exposures are amenable to this new technology. Novel intervention and prevention 
approaches need to be developed to reduce the high mortality from lung cancer. Animal models have and will continue to be valuable tools for testing new 
interventions through oral, intravenous, and inhalation routes.

ACKNOWLEDGMENTS

This chapter was supported in part by USPHS grant CA 33497 and the Office of Biological and Environmental Research, U.S. Department of Energy, under 
Cooperative Agreement No. FC-0496AL76406.

CHAPTER REFERENCES

1. Crocker TT, Chase JE, Wells SA, et al. Preliminary report on experimental squamous carcinoma of the lung in hamsters and in a primate (Galago crassicaudatus). In: Nettesheim P, Hanna MG 
Jr, Detherage JW Jr, eds. Morphology of experimental respiratory carcinogenesis. Oak Ridge, TN: Atomic Energy Commission, 1970:317. 

2. Livingood LE. Tumors in the mouse. Johns Hopkins Bull 1896;66/67:177. 
3. Reznik-Schuller HM. Comparative respiratory tract carcinogenesis. Boca Raton: CRC Press, 1993. 
4. Hecht SS, Morse MA, Amin SG, et al. Rapid single dose model for lung tumor induction in A/J mice by 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone and the effect of diet. Carcinogenesis 

1989;10:1901. 
5. Witschi H. Tobacco smoke as a mouse lung carcinogen. Exp Lung Res 1998;24:385. 
6. Wattenberg LW. Inhibition of chemical carcinogen-induced pulmonary neoplasia by butylated hydroxyanisole. J Natl Cancer Inst 1973;50:1541. 
7. Witschi H, Williamson D, Lock S. Enhancement of urethan tumorigenesis in mouse lung by butylated hydroxytoluene. J Natl Cancer Inst 1977;58:301. 
8. Malkinson AM, Koski KM, Evans WA, et al. Butylated hydroxytoluene exposure is necessary to induce lung tumors in BALB mice treated with 3-methylcholanthrene. Cancer Res 1997;57:2832. 
9. Miller A, Dwyer CK, Auerbach LD, et al. Strain-related differences in the pneumotoxic effects of chronically administered butylated hydroxytoluene on protein kinase C and calpain. Toxicology 

1994;90:141. 
10. Dwyer-Nield LD, Thompson JA, Peljak G, et al. Selective induction of apoptosis in mouse and human lung epithelial cell lines by the tert-butyl hydroxylated metabolite of butylated 

hydroxytoluene: a proposed role in tumor promotion. Toxicology 1998;130:115. 
11. Guan X, Hardenbrook J, Fernstrom MJ, et al. Downregulation by butylated hydroxytoluene of the number and function of gap junctions in epithelial cell lines derived from mouse lung and rat 

liver. Carcinogenesis 1995;16:2575. 
12. Shimkin MB, Stoner GD. Lung tumors in mice: application to carcinogenesis bioassay. Adv Cancer Res 1975;21:1. 
13. Malkinson AM. Primary lung tumors in mice: an experimentally manipulable model of human adenocarcinoma. Cancer Res 1992;53:2670s. 
14. Malkinson AM. Molecular comparison of human and mouse pulmonary adenocarcinomas. Exp Lung Res 1998;24:541. 
15. Thaete LG, Gunning WT, Stoner GD, et al. Cellular derivation of lung tumors in sensitive and resistant strains of mice: results at twenty-eight and fifty-six weeks after urethane treatment. J Natl 

Cancer Inst 1987;78:743. 
16. Foley JF, Anderson MW, Stoner GD, et al. Proliferative lesions of the mouse lung: progression studies in strain-A mice. Exp Lung Res 1991;17:157. 
17. Branstetter DG, Stoner GD, Budd C, et al. Effect of gestational development on lung tumor size and morphology in the mouse. Cancer Res 1988;48:379. 
18. Thaete LG, Nesbitt MN, Malkinson AM. Lung tumor structure among inbred strains of mice: the pulmonary adenoma histologic type (pah) genes. Cancer Lett 1991;61:15. 
19. Kauffman SL, Alexander L, Sass L. Histological and ultrastructural features of the Clara cell adenoma of mouse lung. Lab Invest 1979;40:708. 
20. Malkinson AM. Genetic studies on lung tumor susceptibility and histogenesis in mice. Environ Health Perspect 1991;93:149. 
21. Forkert PG, Parkinson A, Thaete LG, et al. Resistance of murine lung tumors to xenobiotic-induced cytotoxicity. Cancer Res 1992;52:6797. 
22. Gazdar AF, Linnoila TR, Foley JF, et al. Peripheral airway cell differentiation in human lung cancer cell lines. Cancer Res 1990;50:5481. 
23. Kennedy AR, McGandy RB, Little JB. Histochemical, light microscopic study of polonium-210 induced peripheral tumors in hamster lungs: evidence implicating the Clara cell as the cell of 

origin. Eur J Cancer 1977;13:1325. 
24. Rehm S, Ward JM, Ten Have-Opbroek AAW, et al. Mouse papillary lung tumors transplacentally induced by N-nitrosoethylurea: evidence of alveolar type II cell origin by comparative light 

microscopic, ultrastructural, and immunohistochemical studies. Cancer Res 1988;48:148. 
25. Belinsky SA, Devereux TR, Foley JF, et al. The role of the alveolar type II cell in the development and progression of pulmonary tumors in the A/J mouse. Cancer Res 1992;52:3164. 
26. Gazdar AF, Linnoila RI. The pathology of lung cancer: changing concepts and newer diagnostic techniques. Semin Oncol 1988;15:215. 
27. Dail DH, Hammar SP, Colby TV. Pulmonary pathology—tumors. New York: Springer-Verlag, 1995. 
28. Baylin SB, Herman JG, Graff JR, et al. Alterations in DNA methylation: a fundamental aspect of neoplasia. Adv Cancer Res 1998;143:69. 
29. Bestor T, Laudano A, Mattaliano R, et al. Cloning and sequencing of a cDNA encoding DNA methyltransferase of mouse cells. J Mol Biol 1988;971:203. 
30. Belinsky SA, Nikula KJ, Baylin SB, et al. Increased cytosine DNA-methyltransferase activity is target-cell-specific and an early event in lung cancer. Proc Natl Acad Sci U S A  1996;4045:93. 
31. You M, Candrian U, Maronpot RR, et al. Activation of the Ki- ras protooncogene in spontaneously occurring and chemically induced lung tumors of the strain A mouse. Proc Natl Acad Sci U S A  

1989;86:3070. 
32. Wheeler GP, Alexander JA. Rate of DNA synthesis as an indication of drug toxicity and as a guide for scheduling cancer therapy. Cancer Treat Rep 1978;62:755. 
33. Shimkin MB, Sasaki T, McDonough M, et al. Relation of thymidine index to pulmonary tumors in mice receiving urethane and other carcinogens. Cancer Res 1969;29:994. 
34. Thaete LG, Beer DG, Malkinson AM. Genetic variation in the proliferation of murine pulmonary type II cells: basal rates and alterations following urethane treatment. Cancer Res 1986;46:5335. 
35. Thaete LG, Ahnen DJ, Malkinson AM. Proliferating cell nuclear antigen (PCNA/cyclin) immunocytochemistry as a labelling index in mouse lung tissues. Cell Tissue Res 1989;256:167. 
36. Horio Y, Schrump DS, Chen A, et al. KRAS and P53 mutations are early and late events, respectively, in urethane-induced pulmonary carcinogenesis in A/J mice. Mol Carcinog 1996;17:217. 
37. Rodenhuis S, Slebos RJC, Boot AJM, et al. Incidence and possible clinical significance of K-ras oncogene activation in adenocarcinoma of the human lung. Cancer Res 1988;48:5738. 
38. Medema RH, Bos JL. The role of p21ras in receptor tyrosine kinase signalling. Crit Rev Oncog 1993;4:615. 
39. Manam S, Storer RD, Prahalada S, et al. Activation of the Ki-ras gene in spontaneous and chemically induced lung tumors in CD-1 mice. Mol Carcinog 1992;6:68. 
40. Lin L, Festing MFW, Devereux TR, et al. Additional evidence that the KRAS protooncogene is a candidate for the major mouse pulmonary adenoma susceptibility (Pas-1) gene. Exp Lung Res 

1998;24:481. 
41. Herzog CR, Wiseman RW, You M. Deletion mapping of a putative tumor suppressor gene on chromosome 4 in mouse lung tumors. Cancer Res 1994;4007:54. 
42. Herzog CR, Soloff EV, McDoniels AL, et al. Homozygous codeletion and differential decreased expression of p15 INK4b, p16INK4a-a and p16INK4a-b in mouse lung tumor cells. Oncogene 

1996;1885:13. 
43. Belinsky SA, Swafford DS, Middleton SK, et al. Deletion and differential expression of p16 INK4a in mouse lung tumors. Carcinogenesis 1997;115:18. 
44. Belinsky SA, Nikula KJ, Palmisano WA, et al. Aberrant methylation of p16 INK4a is an early event in lung cancer and a potential biomarker for early diagnosis. Proc Natl Acad Sci U S A 

1998;95:11891. 
45. Forkert P-G, Malkinson AM, Rice P, et al. Diminished CYP2E1 expression and formation of 2-S-glutathionyl acetate, a glutathione conjugate derived from 1,1-dichloroethylene epoxide, in 

murine lung tumors. Drug Metab Dispos 1999;27:68. 
46. Thaete LG, Siegel D, Malkinson AM, et al. Quinone oxidoreductase (DT-diaphorase) activities in normal and neoplastic mouse lung epithelia. Int J Cancer 1991;49:145. 
47. Malkinson AM, Siegel D, Forrest GL, et al. Elevated DT-diaphorase activity and mRNA content in human non–small cell lung carcinoma: relationship to the response of lung tumor xenografts to 

mitomycin C. Cancer Res 1992;52:4752. 
48. Winski SL, Hargreaves RHJ, Butler J, et al. A new screening system for NAD(P)H: quinone oxidoreductase (NQO1)-directed antitumor quinones: identification of a new aziridinylbenzoquinone, 

RH1, and a NQO1-directed antitumor agent. Clin Cancer Res 1998;4:3083. 
49. Butley MS, Stoner GD, Beer DS, et al. Protein kinases during the progression of urethane-induced mouse lung tumors. Cancer Res 1985;45:3677. 
50. Banoub RW, Fernstrom M, Malkinson AM, et al. Enhancement of gap junctional intercellular communication by dibutyrl cyclic AMP in mouse lung epithelial cells. Anticancer Res 1996;16:3715. 
51. Bentel JM, Lykke AWJ, Smith GJ. Cloned murine non-malignant spontaneously transformed and chemical tumor-derived cell lines related to the type 2 pneumocyte. Cell Biol Rep 1989;13:729. 
52. Malkinson AM, Dwyer-Nield LD, Rice PL, et al. Mouse lung epithelial cell lines—tools for the study of differentiation and the neoplastic phenotype. Toxicology 1997;123:53. 
53. Hanson LA, Nuzum EO, Jones BC, et al. Expression of the glucocorticoid receptor and K-ras genes in urethane-induced mouse lung tumors and cell lines. Exp Lung Res 1991;17:371. 
54. Lange-Carter CA, Droms KA, Vuillequez JJ, et al. Differential responsiveness to agents which stimulate cAMP production in normal versus neoplastic mouse lung epithelial cells. Cancer Lett 

1992;67:139. 
55. Lange-Carter CA, Malkinson AM. Differential regulation of the stability of cAMP-dependent protein kinase mRNA in normal vs. neoplastic mouse lung epithelial cells. Cancer Res 1991;51:6699. 
56. Droms KA, Hanson LA, Malkinson AM, et al. Altered dexamethasone responsiveness and loss of growth control in tumorigenic mouse lung cell lines. Int J Cancer 1993;53:1017. 
57. Smith GJ, Morris C, Leigh D, et al. EGF-receptor and extracellular matrix changes in mouse pulmonary carcinogenesis. Exp Lung Res 1991;17:327. 
58. Rice PL, Porter SE, Koski KM, et al. Reduced receptor expression for platelet-derived growth factor and epidermal growth factor in dividing mouse lung epithelial cells. Mol Carcinog 1999; in 

press. 
59. Nicks KM, Droms KA, Fossli T, et al. Altered functions of protein kinase C and cyclic AMP-dependent protein kinase in a cell line derived from a mouse lung tumor. Cancer Res 1989;49:5191. 
60. Ruch RJ, Cesen-Cummings K, Malkinson AM. Role of gap junctions in lung neoplasia. Exp Lung Res 1998;24:523. 
61. Sharp JJ, Davisson MT. The Jackson Laboratory induced mutant resource. Lab Anim 1994;23:32. 
62. De Munter HK, Den Engelse L, Emmelot P. Studies on lung tumors IV. Correlation between [ 3H]thymidine labeling of lung and liver cells and tumor formation in GRS/A and C3Hf/A male mice 

following administration of dimethylnitrosamine. Chem Biol Interact 1979;24:299. 
63. Malkinson AM, Nesbitt MN, Skamene E. Susceptibility to urethane-induced pulmonary adenomas between A/J and C57BL/6J mice: use of AXB and BXA recombinant inbred lines indicating a 

three-locus genetic model. J Natl Cancer Inst 1985;7:971. 
64. Ryan J, Barker PE, Nesbitt MN, et al. K-ras2 as a genetic marker for lung tumor susceptibility in inbred mice. J Natl Cancer Inst 1987;79:1351. 
65. You M, Wang Y, Stoner GD, et al. Parental bias of Ki-ras oncogenes detected in lung tumors from mouse hybrids. Proc Natl Acad Sci U S A 1992;89:5805. 
66. Malkinson AM, You M. Working hypothesis: the intronic structure of cancer-related genes regulates susceptibility to cancer. Mol Carcinog 1994;10:61. 
67. Gariboldi M, Manenti G, Canzian F, et al. A major susceptibility locus to murine lung carcinogenesis maps on chromosome 6. Nat Genet 1993;3:132. 
68. Devereux TR, Wiseman RW, Kaplan N, et al. Assignment of a locus for mouse lung tumor susceptibility to proximal chromosome 19. Mamm Genome 1994;5:749. 
69. Festing MFW, Yang AL, Malkinson AM. At least four genes are associated with susceptibility to urethane-induced pulmonary adenomas in mice. Genet Res 1994;64:99. 
70. Chen B, Johanson L, Wiest JS, et al. The second intron of the K-ras gene contains regulatory elements associated with mouse lung tumor susceptibility. Proc Natl Acad Sci U S A 



1994;91:1589. 
71. Finney RE, Bishop JM. Predisposition of neoplastic transformation caused by gene replacement of H-ras1. Science 1993;260:1524. 
72. Jones-Bolin SE, Johansson E, Palmisano WA, et al. Effect of promoter and intron 2 polymorphisms on murine lung K-ras gene expression. Carcinogenesis 1998;1503:19. 
73. Oomen LCJM, Demant P, Hart AAM, et al. Multiple genes in the H-2 complex affect differently the number and growth rate of transplacentally induced lung tumors in mice. Int J Cancer 

1983;31:447. 
74. Malkinson AM. The genetic basis of susceptibility to lung tumors in mice. Toxicology 1989;54:241. 
75. Oomen LCJM, Van der Valk MA, Hart AAM, et al. Glucocorticoid hormone effect on transplacental carcinogenesis and lung differentiation: influence of histocompatibility-2 complex. J Natl 

Cancer Inst 1989;81:512. 
76. Droms KA, Fernandez CA, Thaete LG, et al. Effects of adrenalectomy and corticosterone administration on mouse lung tumor susceptibility and histogenesis. J Natl Cancer Inst 1988;80:365. 
77. Wattenberg LW, Widemann TS, Estensen RD, et al. Chemoprevention of pulmonary carcinogenesis by aerosolized budesonide in female A/J mice. Cancer Res 1997;57:5489. 
78. Malkinson AM, Beer DS. A single gene in BALB/cBy mice with a major effect on susceptibility to urethane-induced pulmonary adenoma. J Natl Cancer Inst 1983;70:981. 
79. Paterson AB. Molecular dissection of complex traits. Boca Raton: CRC Press, 1998. 
80. Fijneman RJA, Jansen RC, van der Valk, MA, et al. High frequency of interactions between lung cancer susceptibility genes in the mouse: Mapping of Sluc5 to Sluc14. Cancer Res 

1998;58:4794. 
81. Malkinson AM. Inheritance of pulmonary adenoma susceptibility in mice. Prog Exp Tumor Res 1999;35:78. 
82. Maronpot RR, Palmiter RD, Brinster RC, et al. Pulmonary carcinogenesis in transgenic mice. Exp Lung Res 1991;17:305. 
83. Wikenheiser KA, Clark JC, Linnoila RI, et al. Simian virus 40 large T antigen directed by transcriptional elements of the human surfactant protein C gene produced pulmonary adenocarcinomas 

in transgenic mice. Cancer Res 1992;52:5342. 
84. Tennant RW. Evaluation and validation issues in the development of transgenic mouse carcinogenicity bioassays. Environ Health Perspect 1998;106:S473. 
85. Keith RL, Miller YE, Malkinson AM, et al. Selective pulmonary prostacyclin synthase overexpression in transgenic mice is chemoprotective against lung tumorigenesis. Am J Resp Crit Care 

Med 1999;159:A206. 
86. Sakumi K, Shiraishi A, Shimizu S, et al. Methylnitrosourea-induced tumorigenesis in MGMT gene knockout mice. Cancer Res 1997;57:2415. 
87. Haseman JK, Huff J, Boorman GA. Use of historical control data in carcinogenicity studies in rodents. Toxicol Pathol 1984;12:126. 
88. Hahn FF, Lundgren DL. Pulmonary neoplasms in rats that inhaled cerium-144 dioxide. Toxicol Pathol 1992;20:169. 
89. Belinsky SA, Foley JF, White CM et al. Dose response relationship between O 6-methylguanine formation in Clara cells and induction of pulmonary neoplasia in the rat by 

4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone. Cancer Res 1990;50:3772. 
90. Herbert RA, Hahn FF, Gillett NA, et al. Immunohistochemical and ultrastructural features of plutonium-induced proliferative lesions and pulmonary epithelial neoplasms in the rat. Evidence for 

their origin from type II pneumocytes. Vet Pathol 1994;31:366. 
91. Stowers SJ, Glover PL, Reynolds SH, et al. Activation of the K-ras protooncogene in lung tumors from rats and mice chronically exposed to tetranitromethane. Cancer Res 1987;47:3212. 
92. Stegelmeier BL, Gillett NA, Rebar AH, et al. The molecular progression of plutonium-239-induced rat lung carcinogenesis: Ki-ras expression and activation. Mol Carcinog 1991;4:43. 
93. Nickell-Brady C, Hahn FF, Finch GL, et al. Analysis of K-ras, P53 and c-raf-1 mutations in beryllium-induced rat lung tumors. Carcinogenesis 1994;15:257. 
94. Belinsky SA, Devereux TR, White CM, et al. Role of Clara cells and type II cells in the development of pulmonary tumors in rats and mice following exposure to a tobacco-specific nitrosamine. 

Exp Lung Res 1991;17:263. 
95. Belinsky SA, Swafford DS, Finch GL, et al. Alterations in the K-ras and p53 genes in rat lung tumors. Environ Health Perspect 1997;901:105. 
96. Hollstein M, Sidransky D, Vogelstein B, et al. P53 mutations in human cancers. Science 1991;253:49. 
97. Issa J-P J, Baylin SB, Belinsky SA. Methylation of the estrogen receptor CpG island in lung tumors is related to the specific type of carcinogen exposure. Cancer Res 1996;3655:56. 
98. Swafford DS, Middleton SK, Palmisano WA, et al. Frequent aberrant methylation of p16 INK4a in primary rat lung tumors. Mol Cell Biol 1997;1306:17. 
99. Benfield, JR, Schuller HM, Malkinson AM, et al. Preclinical models of lung cancer. In: Kane, MA, Bunn, PA, Jr, eds. Biology of lung cancer. New York: Marcel Dekker, Inc., 1998;9:247. 

100. Saffiotti V, Celis F, Kolb LH. A model for the experimental induction of bronchogenic carcinoma. Cancer Res 1968;161:607. 
101. Becci PJ, McDowell EM, Trump BF. The respiratory epithelium. VI. Histogenesis of lung tumors induced by benzo(a)pyrene-ferric oxide in the hamster. J Natl Cancer Inst 1979;48:473. 
102. Reznik-Schuller HM. Cancer induced in the respiratory tract of rodents by N-nitroso compounds. In: Reznik-Schuller HM, ed. Comparative respiratory tract carcinogenesis. Boca Raton: CRC 

Press, 1983:109. 
103. Oreffo VIC, Lin HW, Gumerlock PH, et al. Mutational analysis of a dominant oncogene (c-Hi-ras-2) and a tumor suppressor gene (P53) in hamster lung tumorigenesis. Mol Carcinog 1993;6:199. 
104. Fong AT, Rasmussen RE. Formation and accumulation of O 6-ethylguanine in DNA of enriched populations of Clara cells, alveolar type II cells, and macrophages of hamsters exposed to 

diethylnitrosamine. 1987;43:289. 
105. Schuller HM, Becker KL, Witschi HP. Animal model for neuroendocrine lung cancer. Carcinogenesis 1988;9:293. 
106. Schuller HM. Mechanisms of neuroendocrine lung carcinogenesis. In: Thomassen DG, Nettesheim P, eds. Biology, toxicology, and carcinogenesis of respiratory epithelium. New York: 

Hemisphere Publishing Corporation, 1990:195. 
107. Sunday ME, Willett CG. Induction and spontaneous regression of internal pulmonary neuroendocrine cell differentiation in a model of preneoplastic lung injury. Cancer Res 1992;82:26775. 
108. Nylen ES, Becker KL, Joshi PA, et al. Pulmonary bombesin and calcitonin in hamsters during exposure to hyperoxia and diethylnitrosamine. Am J Respir Cell Mol Biol 1990;2:25. 
109. Grubbs CJ, Moon RC, Norikane K. 1-methyl-1-nitrosourea induction of cancer in a localized area of the Syrian golden hamster trachea. Prog Exp Tumor Res 1979;24:345. 
110. Hammond WG, Benfield JR. Hamster bronchial carcinogenesis induced by carcinogen-containing sustained release implants placed endobronchially: a clinically relevant model. J Cell Biochem

 1993;17F[Suppl]:104. 
111. Hammond WG, Gabriel A, Paladugu RR, et al. Differential susceptibility to bronchial carcinogenesis in syngeneic hamsters. Cancer Res 1987;47:5202. 
112. Thompson RC. Life-span effects of ionizing radiation in the beagle dog. Washington, DC: U.S. Department of Energy, 1989. 
113. Taylor GN, Shabestari L, Angus W, et al. Primary pulmonary tumors in beagles. Am J Vet Res  1979;40:1316. 
114. Park JF, Sanders CL, Weller RE, et al. Comparative toxicology of inhaled 239PuO2 in dogs and rats. Health Phys 1989;57:31. 
115. Cross FT, Palmer RF, Filipy RE, et al. Carcinogenic effects of radon daughters, uranium ore dust and cigarette smoke in beagle dogs. Health Phys 1982;42:33. 
116. Kraegel SA, Gumerlock PH, Dungworth DL, et al. K-ras activation in non–small cell lung cancer in the dog. Cancer Res 1992;52:4724. 
117. Tierney LA, Hahn FF, Lechner JF. P53, erbB-2 and K-ras gene alterations are rare in spontaneous and plutonium-239-induced canine lung neoplasia. Radiat Res 1996;181:145. 
118. McDonald JW, Taylor JA, Watson MA, et al. p53 and K-ras in radon-associated lung adenocarcinoma. Cancer Epidemiol Biomed Prev 1995;791:4. 
119. Gillett NA, Stegelmeier BL, Kelly G, et al. Expression of epidermal growth factor receptor in plutonium-239-induced lung neoplasms in dogs. Vet Pathol 1992;29:46. 
120. Gillett NA, Stegelmeier BL, Chang IY, et al. Expression of transforming growth factor a in plutonium-239-induced lung neoplasms in dogs: investigations of autocrine mechanisms of growth. 

Radiat Res 1991;126:289. 
121. Cerny T, Barnes DM, Hasleton P, et al. Expression of epidermal growth factor receptor (EGF-R) in human lung tumors. Br J Cancer 1986;54:265. 
122. Vahakangas KH, Samet JM, Metcalf RA, et al. Mutations of P53 and ras genes in radon-associated lung cancers from uranium miners. Lancet 1992;339:576. 
123. Dillman RO, Seagren SL, Proppert KJ, et al. A randomized trial of induction chemotherapy plus high dose radiation versus radiation alone in stage III non-small-cell lung cancer. N Engl J Med 

1990;323:940. 
124. Sklar MD. Increased resistance to cis-diaminedichlororplatinum (II) in NIH 3T3 cells transformed by ras oncogenes. Cancer Res 1988;48:793. 
125. Belinsky SA, Stefanski SA, Anderson MW. The A/J mouse lung as a model for developing new chemointervention strategies. Cancer Res 1993;53:410. 
126. Lippman SM, Hong WK. 13-cis-retinoic acid and cancer chemoprevention. Biology and novel therapeutic approaches for epithelial cancer of the aerodigestive tract. J Natl Cancer Inst 

Monograph 1992:111. 
127. Harris CC, Sporn MB, Kaufman DG. Histogenesis of squamous metaplasia in the hamster tracheal epithelium caused by vitamin A deficiency or benzo(a)pyrene ferric oxide. J Natl Cancer Inst 

1979;48:473. 
128. Jetten AM, Nervi C, Vollberg TM. Control of squamous differentiation in tracheobronchial epidermal and epithelial cells: role of retinoids. Biology and novel therapeutic approaches for epithelial 

cancer of the aerodigestive tract. J Natl Cancer Inst Monograph 1992:13:93. 
129. Herzog CR, Lubet RA, You M. Genetic alterations in mouse lung tumors: implications for cancer chemoprevention. J Cell Biochem 1997;Suppl28/29:49. 
130. Thompson WJ, Pamukou TR, Liu L, et al. Exisulind (Prevatac™) induced apoptosis in cultured colonic tumor cells involves inhibition of cyclic GMP (cG) phosphodiesterase (PDE). Proc Am 

Assoc Cancer Res 1999;40:4. 
131. Malkinson AM, Koski KM, Dwyer-Nield LD, et al. Inhibition of 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK)-induced mouse lung tumor formation by FGN-1 (sulindac sulfone). 

Carcinogenesis 1998;19:1353. 
132. Zhang L, Zou W, Velculescu VE, et al. Gene expression profiles in normal and cancer cells. Science 1997;1268:276. 
133. Toyota M, Ho C, Ahuja N, et al. Identification of differentially methylated sequences in colorectal cancer by methylated CpG island amplification. Cancer Res 1999;2307:59. 
134. Brown PO, Botstein D. Exploring the new world of the genome with DNA microarrays. Nat Genet 1999;33:21. 

135. Lipshutz RJ, Fodor SPA, Gingeras TR, et al. High density synthetic oligonucleotide arrays. Nat Genet 1999;20:21.



20 ETIOLOGY AND EPIDEMIOLOGY OF LUNG CANCER

Lung Cancer: Principles and Practice

 20  

ETIOLOGY AND EPIDEMIOLOGY OF LUNG CANCER
DAVID SCHOTTENFELD

Descriptive Epidemiology
 Age and Gender

 Race and Ethnicity

 Socioeconomic Status

 International Patterns

 Histopathology

Lifestyle and Environmental Risk Factors
 Tobacco

 Environmental Tobacco Smoke

 Air Pollution

 Indoor Radon

 Occupational Respiratory Carcinogens

 Asbestos

 Nutrition: Antioxidants and Fat

 Previous Nonneoplastic Lung Disease

Genetic Predisposition
Chapter References

Lung cancer is the leading cause of cancer mortality in men and women in the United States, accounting for 28 percent of all cancer deaths each year. Whereas lung 
cancer accounted for only 3 percent of all female cancer deaths in 1950, by 1995 it accounted for an estimated 24 percent of all female cancer deaths. In 1994, the 
age-adjusted mortality rate per 100,000 was 70.9 for men, and 33.8 for women. In reviewing lung cancer mortality trends between 1990 and 1994, the age-adjusted 
rate in men decreased by about 1.4 percent per year and in women increased by about 1.7 percent per year. The age-adjusted lung cancer death rates in the United 
States surpassed those of breast cancer in white women in 1986 and in black women in 1990. Lung cancer is the most common cause of cancer mortality among men 
in Western industrialized nations.

The incidence patterns, because of persistently poor survival rates, parallel closely the mortality rates; currently, 15 percent of incidence cancers in men and 13 
percent in women are attributed to lung cancer. During 1990 to 1994, the average annual age-adjusted lung cancer incidence per 100,000 in United States white men 
was 76.0, which was exceeded only by prostate cancer (134.7); the average annual lung cancer incidence rate in white women was 41.5, which was second to that of 
breast cancer (111.8). The United States Surveillance, Epidemiology and End Results (SEER) lung cancer incidence trends from 1973 to 1994 demonstrated, for 
ages 65 and over, a percentage increase for women (220.5%) that was substantially greater than that for men (18.2%). The age-specific lung cancer incidence rates 
in men under 65 years of age have declined 16.1 percent since 1973, whereas in women, the rates have increased 58.2 percent. 1

Lung cancer incidence and mortality patterns follow, after a latency interval of 20 or more years, the temporal patterns of cigarette smoking. In older men in the United 
States, lung cancer has displaced coronary heart disease as the leading cause of excess mortality among smokers. 2 The risk of dying from lung cancer is associated 
with age of initiation and duration of cigarette smoking, and with the number and tar concentration of cigarettes smoked each day or as a regular pattern.

Smoking is currently estimated to be the cause of 85 percent of lung cancer deaths. 3 Exposures to other environmental and occupational respiratory carcinogens may 
be interactive with cigarette smoking, and may also influence trends of lung cancer incidence and mortality.

DESCRIPTIVE EPIDEMIOLOGY

Age and Gender

Throughout the world, the age-adjusted incidence rates of lung cancer among men exceed, by twofold or more, that among women. In the United States, the 
age-adjusted incidence rates in men began to plateau and then declined in the 1980s. The pattern in women differed significantly from that in men. Age-adjusted 
incidence in women increased on average by 4.1 percent per year between 1973 and 1994, but during 1990 to 1994, the average annual increase was only 0.2 
percent. This pattern is attributable to lower prevalences of smoking in cohorts of men born prior to 1910 and of women born prior to 1920. Age-specific rates increase 
exponentially until the rates plateau and then decline after the age of 80 in men and the age of 70 in women ( Figure 20.1). Only 5% to 10% of lung cancer cases are 
diagnosed under 50 years of age. Epidemiologic studies of lung cancer in young adults emphasize the predominance of adenocarcinomas and the importance of a 
positive family history. The current smoking pattern and magnitude of relative risk due to smoking in women in the United States are converging on the smoking 
pattern and risk evident in similarly aged males. 4,5

FIGURE 20.1. Age-specific lung cancer incidence rates per 100,000 males and females, United States, 1994.

Compared with women, men generally began smoking cigarettes at an earlier age, smoked more cigarettes per day and for a longer duration, inhaled more deeply, 
and consumed cigarettes with higher tar content. With increasing tobacco smoking in women after World War II, lung cancer mortality increased substantially in North 
America and Western Europe. Several recent case-control studies have even suggested that female smokers have a higher relative risk of lung cancer than male 
smokers, after adjusting for age and average daily intensity of smoking exposure. 6,7,8 In a prospective study conducted in Copenhagen, Denmark, although rate ratios 
for all histologic types of lung cancer increased with number of pack-years of exposure for both men and women, the relative risks did not differ between men and 
women after adjusting for age and duration and intensity of smoking. 9 The case-control design and the method of estimation of odds ratios in women may have been 
susceptible to recall bias, underreporting of amount smoked by the cases, and differences in baseline risks of lung cancer between male and female nonsmoking 
controls (i.e., occupational risk factors, nutritional risk factors, unmeasured exposure to environmental tobacco smoke, etc.). However, the question of gender 
differences in susceptibility to tobacco smoking merits further investigation. Prospective studies are required to derive unconfounded incidence measures of absolute 
or attributable risk that may be compared in smoking and nonsmoking men and women.



Race and Ethnicity

The risk of lung cancer in United States black men has been about 50 percent higher than that in white men in the past 10 to 15 years, but the annual rate of decline 
since 1985 in black men (-3.1%) has been greater than that in white men (-1.2%) ( Table 20.1). Among United States black men, lung cancer mortality was the second 
leading cause of death, ranking below coronary heart disease. The excess mortality from lung cancer among black men, compared with white men, was greatest for 
the age interval 35 to 64 years. Cohorts of white men born before 1900 had higher (50%) age-specific rates than black men; but this pattern reversed after 1915.

TABLE 20.1. AGE-ADJUSTED (1970 U.S. STANDARD) LUNG CANCER INCIDENCE PER 100,000, 1975, 1980, 1985, 1990, 1994 IN SEER REGISTRY AREAS, 
BY RACE AND SEX

During 1975 to 1990, the age-adjusted lung cancer incidence in United States black women was 10% to 20% higher than that in white women ( Table 20.1). The 
increase since 1975 was 120% in black and 89% in white women. Since 1985, the incidence rates have continued to increase at an average annual rate of 2.4% for 
black and 2.2% for white women.

The SEER program of the National Cancer Institute enables a comparison of risks for the period 1988 to 1992 among various racial and ethnic groups in the United 
States (Table 20.2). The lowest age-adjusted lung cancer incidence rates in men and women were registered for the Native Americans, Hispanics, and Japanese; the 
highest rates were reported in blacks, native Hawaiians, and non-Hispanic whites. The ratio of male to female incidence rates reflected elevated risks in men that 
were 2.5 to 3.5 times the rates in women from the various racial and ethnic groups. Although the ratio of age-adjusted lung cancer incidence rates varied substantially 
by ethnicity (1.3 to 8.1), the percentage of all cancer deaths attributed to lung cancer in men and women combined was as high in Native Americans (27.7%) as in 
African Americans (26.1%).

TABLE 20.2. TOTAL AND LUNG CANCER INCIDENCE RATES (PER 100,000) BY GENDER, RACE, AND ETHNICITY, UNITED STATES SEER, 1988–1992*

It is generally assumed that the differences in rates of lung cancer can be partially explained by different lifetime patterns of cigarette smoking. Compared with white 
males, a higher percentage of blacks were current smokers, smoked cigarettes with greater yield of tar and nicotine, and preferred to smoke mentholated cigarettes, 
which may promote deeper inhalation of cigarette smoke. However, among current smokers, black males smoked fewer cigarettes per day and tended to start 
smoking at a slightly later age. Reports, which were not confounded by differences in smoking habits, of higher serum cotinine levels, or of 
4-aminobiphenyl-hemoglobin adduct levels, in black smokers when compared with white smokers suggested that there may also be differences in susceptibility 
between blacks and whites as expressed in the metabolism of tobacco smoke.10

The age-adjusted lung cancer incidence was 32% lower in Hispanic than in non-Hispanic white men. The percent of current smokers was comparable for Hispanic 
and non-Hispanic white men, but Hispanic men smoked about half as many cigarettes per day. In a case-control study in New Mexico, where most of the Hispanics 
were American-born, the estimates of relative risk of smoking and lung cancer were similar for Hispanic and non-Hispanic white males. However, the cigarette 
smoking patterns in the Hispanic controls indicated that there were substantial ethnic differences in average daily exposure levels. 6,11,12

Socioeconomic Status

Various studies have reported an inverse association between lung cancer mortality and socioeconomic status. A twofold gradient in mortality was observed between 
low and high social class, as measured by occupation, income, or education. Smoking patterns accounted for part of the differential risk by social class, with smoking 
prevalence rates increased among “blue-collar” workers and among those with lower levels of education. 13,14 Socioeconomic status may also serve as a surrogate 
measure for other risk factors such as occupation, diet, and ambient air pollutants, or may influence the quality, access, and utilization of health care services.

International Patterns

Global lung cancer incidence is increasing at a rate of 0.5% per year, and as a consequence, lung cancer is the leading cause of cancer incidence and mortality in 
European countries, accounting for about 21% of all cancer cases in men. 15,16 In most parts of the world, rates were higher in urban than in rural areas, and two to six 
times higher in men than in women. The varying levels of age-adjusted (world standard) lung cancer mortality rates summarized in Table 20.3 were, in general, 
correlated with cigarette smoking practices that were prevalent at least ten years prior to diagnosis. Worldwide, it has been estimated that 47% to 52% of men and 
10% to 12% of women smoke tobacco. In developed countries, 51% of men and 21% of women smoke. The prevalence of smoking men and women, the types of 
cigarettes and amounts smoked, ages at initiation and duration of smoking exposure, and proportions of heavy smokers in the population, were important 
determinants of geocultural variations in lung cancer incidence. Recent trends in lung cancer mortality in men exhibited declining rates in all European countries 
except in France, Greece, Portugal, and Spain. Cigarette smoking in China has followed a pattern similar to that among adults in the United States, although the 
significant pattern of increase, particularly among men, occurred 40 years later. Of the Chinese deaths attributed to tobacco, 15% are due to lung cancer and 45% to 
chronic obstructive lung disease. The relatively elevated rates of adenocarcinoma of the lung among Chinese women in China and Singapore have been attributed to 
exposures to smoking tobacco and to environmental pollutants other than smoking tobacco (e.g., fossil fuel combustion products and cooking oils in the home). 17,18



TABLE 20.3. AGE-ADJUSTED LUNG CANCER MORTALITY RATES* PER 100,000 POPULATION FOR SELECTED COUNTRIES, IN MALES AND FEMALES, 
1992–1995

Histopathology

The distribution of cell types of lung carcinoma based on the SEER program in 1990 were, for male cases: squamous cell (epidermoid) (31.2%), adenocarcinoma 
(22.7%), small cell (16.6%), large cell (9.3%), bronchioloalveolar (2.5%), and other including adenosquamous and mixed small and large cell (17.7%) (see also 
Chapter 26). Cumulative exposure to cigarette smoking increases the risks for squamous cell carcinoma, adenocarcinoma, small cell carcinoma and large cell 
carcinoma, although prior to 1965, the risk tended to increase less steeply in men in relation to intensity and duration of cigarette smoking for adenocarcinoma, when 
compared with squamous cell and small cell carcinoma. In the early 1970s, data from the SEER program indicated that there were among white males more than 
twice as many squamous cell carcinomas as adenocarcinomas, whereas among white females, the incidence of adenocarcinoma exceeded that of squamous cell 
carcinoma by 30% (Table 20.4). By the mid-1980s, because of substantial increases in the incidence of adenocarcinoma in white males, the excess of squamous cell 
carcinoma decreased to 39%; among white females, the incidence of adenocarcinoma from 1984 to 1986 was 62% higher than that of squamous cell carcinoma. 
Small cell and non–small cell carcinoma incidence in United States white and African American men peaked around 1984 and then began to decline. Lung cancer 
incidence in white females, however, increased beyond 1990 for all histologic subtypes. The annual incidence of bronchioloalveolar carcinoma was approximately 1.5 
per 100,000, and the epidemiologic features were more characteristic of adenocarcinoma than of squamous cell carcinoma. The increasing age-adjusted incidence 
rates for lung cancer that were evident during the previous two decades have included increases for the most common histologic types, but were proportionately 
greater for adenocarcinomas. Similar patterns have been described in Switzerland, Holland, Hong Kong, Korea, Israel, and Japan. The percentage of lung cancer 
cases classified as adenocarcinoma was higher in Asia than in North American or Europe. Adenocarcinoma is currently the most prominent form of lung cancer in 
younger persons, women of all ages, lifetime nonsmokers and long-term former smokers.

TABLE 20.4. LUNG CANCER INCIDENCE RATES (PER 100,000) BY HISTOLOGICAL TYPE, RACE, AND SEX IN FIVE UNITED STATES SEER AREAS*

There is no single satisfactory explanation for the changing histologic patterns over the past two decades. The proportionate and absolute increases in incidence 
trends for adenocarcinoma have occurred in conjunction with declining incidence of the classification “other and unspecified histology.” Increasing use of mucin stains 
and immunocytochemical staining for antibodies to carcinoembryonic antigen has contributed to enhanced recognition of adenocarcinomas. The alterations in 
histologic patterns have also been interpreted as signaling the effects of changing composition and filtration of cigarette tobacco, with increasing production of volatile 
nitrosamines and their deposition upon deeper inhalation in terminal bronchioles and alveoli. The tobacco-specific nitrosamine 
4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone is bloodborne and activated or metabolized in the liver. The deposition of cigarette particulates containing polycyclic 
aromatic hydrocarbons in proximal lung bronchi is associated with the development of squamous cell carcinoma. 19,20,21 and 22

LIFESTYLE AND ENVIRONMENTAL RISK FACTORS

Tobacco

The causal relationship between tobacco smoking and lung cancer was established by epidemiologic studies conducted in the 1950s and 1960s. 23,24 The complexity 
of tobacco smoke, with over 3,000 different chemicals, has made it difficult to identify the contribution of the more than 40 putative carcinogenic agents. The 
carcinogens in tobacco smoke include the polynuclear aromatic hydrocarbons (PAHs), N-nitrosamines, aromatic amines, other organic (e.g., benzene, acrylonitrile) 
and inorganic (e.g., arsenic, acetaldehyde) compounds, and polonium 210. The composition of the smoke depends on the ambient conditions of smoking, the blend of 
tobacco leaf, filtration, additives, paper wrapping, and so on. Tobacco smoke produced by the tobaccos in pipes and cigars is both harsher and more alkaline than 
that produced by cigarettes. The majority of the compounds in tobacco are produced in an oxygen-deficient, hydrogen-rich environment, arising from pyrolysis and 
distillation, in the region immediately behind the burning tip of the cigarette. 25

As mainstream cigarette smoke emerges from the cigarette, it has approximately 109 to 1010 particles per ml. The aerodynamic diameters of the particles, ranging in 
size from 0.1 to 1.0 micrometer, determine the sites of deposition in the airways and alveolar regions of the lung. The fraction of smoke retained varies markedly with 
the pattern of inhalation. The chemical analysis of tobacco smoke is separated into particulate, or “tar,” and gaseous phases. Filter tips of cellulose acetate remove 
volatile nitrosamines and phenols selectively. The neutral fraction of the particulate phase contains potentially important tumor initiators such as the PAHs.

In 1964, the first Surgeon General's report on smoking summarized existing evidence and declared cigarette smoking to be the major cause of lung cancer among 
American men.26 In the ensuing 30 years, epidemiologic studies have established that there were increasing risks in women and underscored the relationships with 
onset, duration, intensity, and cessation of smoking. Three major prospective studies demonstrated a rising trend in lung cancer death rates with increasing average 
amounts smoked per day in current smokers (Table 20.5).27,28 and 29 The initial emphasis of epidemiologic studies of lung cancer and smoking was on men who, in 
almost all countries, began smoking earlier, consumed greater quantities of tobacco, and exhibited higher relative risks than women.



TABLE 20.5. RELATIVE RISKS OF DEATH FROM LUNG CANCER AMONG MALE SMOKERS ACCORDING TO NUMBER OF CIGARETTES SMOKED

In the past 20 years, the prevalence of cigarette smoking in many countries, including the United States, has increased significantly among women; concomitantly, 
changes in smoking practices have been accompanied by increasing relative and attributable risks for lung cancer. 30,31 In a follow-up study of approximately 600,000 
women conducted in the 1980s by the American Cancer Society, the relative risk of dying of lung cancer in current smokers was 12.7; for those who smoked 30 or 
more cigarettes per day, the relative risk was increased 22.3 times compared with the never smoker. 32 In 1985, cigarette smoking accounted for an estimated 82 
percent of lung cancer deaths, or 31,600 deaths. The International Agency for Research on Cancer estimated that the smoking-attributable fraction of lung cancer 
deaths occurring in the United States and in England and Wales was 92% in men and 78% in women. 25 In 1995, an estimated 47 million U.S. adults and 4.5 million 
U.S. adolescents were cigarette smokers.

Lower tar content and the use of filters are factors that may result in reduced lung cancer risks in those who smoke. In the earlier American Cancer Society (ACS) 
Twenty-Five State Study, males who smoked “low-tar” (i.e., less than 22 mg) cigarettes experienced 20% lower risk of dying of lung cancer when compared with males 
who continued to smoke high-tar cigarettes. The excess lung cancer risk for current smokers was directly proportional to the estimated milligrams of tar consumed 
daily: standardized mortality ratio (SMR) = 100 + 1.731 × milligrams of tar per day. 33 In the more recent ACS Fifty State Study, Garfinkel and Stellman 34 concluded 
that doubling the cigarette tar yield would result in a 40% increase in the relative risk of dying of lung cancer, independently of the amount smoked or depth of 
inhalation. The Federal Trade Commission estimated that the current average sales-weighted tar content of cigarettes manufactured in the United States was about 
12 to 13 mg of tar per cigarette, compared with nearly 40 mg in the early 1950s. Lifelong filter cigarette smokers have experienced 20% to 40% lower risk of lung 
cancer than lifelong nonfilter smokers, after adjusting for differences in the amount smoked. 35,36

While these studies suggested that switching to filtered or low-tar cigarettes may modestly reduce the risk of lung cancer, the more significant reduction in risk would 
be derived from cessation of smoking. Whereas 25% of smoking adults in the United States continue to smoke, an additional 40% to 50% have become former 
smokers. As shown in Table 20.6, the relative risk of lung cancer among ex-smokers decreased significantly after five years of smoking cessation. In the initial one to 
four years after quitting smoking, however, the relative risk of lung cancer among ex-smokers may have been higher than among current smokers, presumably 
because a proportion of individuals may have stopped smoking because of illness or premonitory symptoms of lung cancer.

TABLE 20.6. RELATIVE RISKS OF LUNG CANCER AMONG MALES ACCORDING TO YEARS AFTER QUITTING SMOKING

It has been suggested that the risk of lung cancer in former smokers will approximate but never equal that of lifelong nonsmokers. The baseline risk of lung cancer in 
lifelong nonsmokers increases in relation to age raised to the fourth or fifth power. In the British Physicians Study, Doll showed that the incidence of lung cancer in 
cigarette smokers increased approximately in proportion to the fourth power of duration of smoking, and was multiplicative with the previously described exponential 
increase with age among never-smokers.37 The percentage reduction in risk after quitting depended on the prior duration and average amount smoked each day, 
being more readily demonstrable among lighter smokers and smokers of lesser duration or those who quit at a younger age. 38 Lung cancer results from a multi-step 
process in which persistent genetic lesions accumulate at specific chromosomal loci. The vast majority of current or former smokers, in contrast to never-smokers, 
exhibit loss of heterozygosity at multiple chromosomal sites (e.g., 3p14, 9p21, p16, p53) in both normal and metaplastic or dysplastic bronchial epithelium 39 (see also 
Chapter 18).

Pipe and cigar smoking were linked to lung cancer, but the estimated relative risks, compared with people who never smoked, were considerably lower than the risks 
reported among cigarette smokers; the risks among exclusively pipe or cigar smokers in the United States or England varied from no increased risk in some studies, 
to twofold or higher risks in other studies. In countries such as Sweden, Switzerland, and Holland, where pipe or cigar smoking was nearly as common as cigarette 
smoking, the relative risks of lung cancer were equally high for all forms of smoked tobacco. 40,41 Differences in the manner in which pipes and cigars were smoked in 
different countries, i.e., depth of inhalation or amount smoked, may provide an explanation for differences in the estimated risks. Risks of lung cancer also varied with 
the type of tobacco used. Dark tobaccos were associated with greater risk of lung cancer than light tobaccos, and with formation of higher levels of 
4-aminobiphenyl-hemoglobin adducts. 42

Environmental Tobacco Smoke

Environmental tobacco smoke (ETS) is comprised of sidestream smoke (about 80%) released from burning tobacco in between puffs and from the exhaled smoke 
(about 20%) of the smoker. The smoke that the smoker inhales is known as mainstream smoke. Other minor contributors to ETS include the smoke that escapes 
during puffing from the burning cone, and gaseous components that diffuse through the cigarette paper. These components are diluted by the ambient air and when 
inhaled, in particular by nonsmokers, are referred to as “passive” or “involuntary” smoking. ETS contains various toxic agents, including mutagens and carcinogens, 
which, for some chemicals (e.g., nitrosamines, 4-aminobiphenyl, benzo(a)pyrene), have been measured at higher concentrations than in mainstream smoke. 
Estimates of ETS exposure, based on serum or urinary measurements of cotinine, the metabolite of nicotine, suggest that involuntary smokers absorb about 0.5% to 
1% of the nicotine that active smokers absorb, or smoke the equivalent of about one half a cigarette a day. Studies of 4-aminobiphenyl-hemoglobin adduct levels 
indicate that passive smokers have approximately 14% of the concentration of active smokers. 43

Table 20.7 lists the relative risks of lung cancer among nonsmoking women based on a review of epidemiologic studies in various countries which have evaluated 
dose-response trends.44,45,46,47,48,49,50,51,52,53,54,55,56,57,58,59,60 and 61 The risks increased with amounts smoked by husbands, with about 30% to 150% increases in relative 
risk experienced in general among those women most heavily exposed. A weighted analysis of 37 published epidemiological studies resulted in the conclusion that 
there was an elevated risk of 24% (95% confidence interval, 13% to 36%) among nonsmoking wives of smoking husbands, when compared with nonsmoking wives of 
nonsmoking husbands.62 Workplace exposures to ETS are measured with less precision than spousal exposures; however, some studies have suggested that there is 
a dose-response relationship when combining workplace and spousal sources of ETS. It has been suggested that when using biological markers of nicotine exposure 



in studies of ETS and lung cancer, about 5% of female respondents who were in fact smokers may have reported that they were nonsmokers. Correcting for this bias, 
however, would result in an adjusted relative risk in nonsmoking women who were living with smokers of about 1.15 to 1.20. The report of the National Research 
Council concluded that about 20% of lung cancers occurring in nonsmoking women and men, or 3,000 cases per year, may be attributable to exposure to ETS; in the 
context of lung cancer cases diagnosed each year in smokers and nonsmokers, 2% to 3% may be attributable to ETS. 63

TABLE 20.7. RELATIVE RISK OF LUNG CANCER AMONG NONSMOKING WOMEN ACCORDING TO LEVEL OF HUSBAND'S SMOKING

Air Pollution

Pollutants in the urban air other than from tobacco have been investigated as potential causal agents in the epidemic rise of lung cancer in industrialized nations. The 
products of fossil fuel combustion, principally polycyclic hydrocarbons, have been of particular concern. Other sources of ambient air pollution have been motor 
vehicle and diesel engine exhausts, power plants, and industrial and residential emissions. The ratio of urban to rural age-adjusted lung cancer mortality rates in 
many industrialized nations has varied between 1.1 and 2.0. It has been suggested that the net attributable risk effect of protracted exposure to urban air pollutants in 
men with average smoking habits would be ten cases of lung cancer per 100,000 per year. In most countries, however, a major fraction (i.e., 80% or greater) would be 
attributable to cigarette smoking, and the independent association with urban residence, or the “urban factor,” could not be assessed without controlling for the 
confounding effect of differences in smoking practices between urban and rural residents. In addition, the “urban factor” has yet to be defined, but is undoubtedly a 
complex mixture of interacting chemical compounds and elements that vary by geographic area and over time. 64,65 Exposure to combustion-source ambient air 
pollution has been associated with declining pulmonary function, increased rates of hospitalization for respiratory illnesses, and increased rates of cardiopulmonary 
diseases mortality.66

Evidence in support of the potential association of air pollution with lung cancer may be provided by occupational studies of workers exposed to combustion products 
from fossil fuels. Workers exposed to emissions from retort coal gas plants manifested smoking-adjusted relative risk of lung cancer that was approximately twice that 
in unexposed workers.67 Roofers exposed to coal tar fumes while working outdoors had an approximately 50% increase in lung cancer risk after 20 years of exposure 
and 150% increase after 40 years.68

Benzo(a)pyrene has been used as a surrogate index of ambient urban air exposure produced by fossil fuel combustion and correlated with lung cancer mortality rates. 
However, putative carcinogenic agents present in ambient urban air may include inorganic particles or fibers (e.g., arsenic, asbestos, chromium, nickel, uranium); 
radionuclides (e.g., 210Pb, 212Pb, 222Ra); and organic gaseous and particulate combustion products (e.g., dimethylnitrosamine, benzene, benzo(a)pyrene, 
1,2-benzanthracene). In the longitudinal study of the American Cancer Society, age-, occupational-, and smoking-standardized rates for lung cancer were computed 
according to residence. Minimal differences in mortality were observed between urban and rural residential areas, or among cities categorized by indices of 
pollution.69 The World Health Organization International Agency for Research on Cancer has declared diesel engine exhaust a probable carcinogen.70 In studies of 
railroad workers exposed to diesel exhaust, Garshick and colleagues 71 described a 40% increase in the smoking-adjusted relative risk of lung cancer.

In a rural area in Yunan Province in China, an excess risk of lung cancer among men and women was attributed to indoor pollution because of burning soft, smoky 
coal in poorly ventilated homes.72 In Shanghai, the elevated risk of lung cancer was hypothesized to be due to prolonged exposure to oil vapors, particularly from 
rapeseed oil that was used in high-temperature wok cooking. 73 In urban Shenyang in northeastern China, indoor pollution from coal-burning heating devices gave rise 
to an age-, education-, and tobacco-smoking-adjusted relative risk of 2.3 for lung cancer in the highest exposure group. 74,75

Indoor Radon

Radon (222Ra), with a half-life of 3.8 days, is an inert, radioactive, colorless, and odorless gas at usual environmental temperatures that can percolate through the 
earth's crust and accumulate in residential dwellings. At sufficiently high concentrations, radon and its a-particle–emitting decay products, polonium-214 and 
polonium-218, have been shown to cause lung cancer in cigarette smoking and nonsmoking uranium, tin, and iron-ore miners. These observations have been 
replicated by conducting experimental studies in rats. 76 Indoor radon exposure accounts for about 50% to 80% of the total radiation received on average in the United 
States. It has been estimated, based on extrapolations from high-risk miner studies, that indoor radon may cause between 6,000 to 36,000 lung cancer deaths per 
year in the United States.77 Joint exposures to tobacco smoke and radon gas have been interpreted to yield risks of lung cancer that were greater than linear and 
additive and approximated multiplicative or log linear effects.

There have been at least eight epidemiologic case-control studies conducted in five countries of lung cancer risk from exposure to residential radon. 78 Axelson and 
colleagues79 noted an increased risk of lung cancer among persons living in stone compared to wood houses in Sweden. In a later study by Pershagen and 
co-workers,80 it was concluded that the smoking-adjusted risk of lung cancer increased in relation to the cumulative and time-weighted exposure to radon. The relative 
risk was 1.3 (95% confidence interval, 1.1–1.6) for average radon concentrations over a period of about 30 years of 3.8 to 10.8 pico Curies (pCi) per liter; for exposure 
in excess of 10.8 pCi per liter, the relative risk was 1.8 (95% confidence interval, 1.1–2.9). Moreover, there was evidence that the joint effect of radon exposure and 
tobacco smoking was multiplicative rather than additive. In a study conducted in New Jersey, the risk of lung cancer was increased more than two-fold among women 
living in homes with radon levels exceeding 4 pCi per liter. 81 However, in a case-control study of women who were recently diagnosed with lung cancer in China, no 
association was demonstrated between increasing residential radon exposure and lung cancer; 20% of the year-long radon measurements exceeded 4 pCi per liter, 
the level above which remedial action is recommended in the United States. 82 Conclusions to those from the study in China were recently presented based on a study 
by Leétourneau and colleagues in Canada. 83 Thus, although radon and its a-particle–emitting decay products are classified as a human lung carcinogen, there is 
uncertainty about whether residential radon exposure levels contribute to the lung cancer burden to the extent predicted based on extrapolations from studies of 
underground miners. Epidemiologic studies of indoor radon in the United States must be interpreted with caution because of limitations in estimating lifetime 
exposures based on current exposure measurements and because average residential exposure levels are generally low, with extrapolated relative risk estimates of 
less than 1.2, thus potentially confounded by effects of active and environmental tobacco smoke inhalation or of other residential environmental pollutants. 
Notwithstanding these caveats, recent publications are supportive of risks of lung cancer associated with residential radon exposure that are consistent with 
extrapolations of risk using underground mining-based models. 78,84

Occupational Respiratory Carcinogens

Although smoking is the major cause of lung cancer, other respiratory tract carcinogens have been identified, or are suspect, and may enhance the carcinogenic 
effects of tobacco smoke. Notable among these independent determinants of lung cancer are chemical and physical agents that have been identified in the workplace 
(Table 20.8). An example of an occupational lung cancer was described in central Europe in the latter part of the nineteenth century in underground metal miners. The 
likely cause of what was described historically as “mountain disease” has been attributed to the miner's inhalation of radon and a-emitting radon daughters. At that 
time, lung cancer was a rare disease, and the prevalence of cigarette smoking was low. Other occupational agents classified as Group 1 carcinogens by the 
International Agency for Research on Cancer include arsenic, asbestos, bis (chloromethyl) ether, chromium (hexavalent), nickel and nickel compounds, polycyclic 
aromatic compounds (PAHs), and vinyl chloride. Currently, occupational exposures have been estimated to account for 5% to 20% of lung cancers occurring among 



men and women of different cultures and nations.85

TABLE 20.8. CHEMICALS AND INDUSTRIAL PROCESSES ASSOCIATED WITH HUMAN LUNG CANCER*

Asbestos

The association between asbestos exposure and lung cancer has been established by epidemiological and animal experimental studies. It has been estimated that 
since the beginning of World War II, up to 8 million persons in the United States have been exposed to asbestos in the workplace. In the United States, more than 
90% of the production and consumption of asbestos is represented by the serpentine or curly form of fiber known as chrysotile (“white asbestos”). The 
bronchopulmonary neoplasms of various cell types induced by asbestos tend to originate peripherally and in the lower lobes, accompanied frequently by the fibrosis 
of asbestosis.

Asbestos is a general term used to describe a variety of naturally occurring hydrated silicates that produce mineral fibers upon mechanical processing. In addition to 
the serpentine group described previously, there are the amphiboles, a larger family of straight, needlelike fibers that includes anthophyllite, tremolite and amosite 
(“brown asbestos”), and crocidolite (“blue asbestos”). The vast majority of mesotheliomas are associated with exposure to crocidolite asbestos. Because of unique 
physical and chemical properties, such as noncombustibility, withstanding temperatures of over 500°C, resistance to acids, high tensile strength, and use in thermal 
and acoustic insulation, asbestos has had wide applications in commercial products. Such products include textiles, cement, paper, wicks, ropes, floor and roofing 
tiles, water pipes, wallboard, fireproof clothing, gaskets, and brake linings.

A variety of morphologic, biochemical, and molecular techniques have been utilized to document events that might be associated with asbestos toxicity at the cellular 
level. Prolonged exposure to asbestos results in the accumulation of macrophages and inflammatory cells in the alveoli, which is accompanied by the release of 
oxygen free radicals, the peroxidation of cell membranes, and damage to DNA and other macromolecules. Asbestos fibers that cross the alveolar epithelium may be 
translocated to the pleura by macrophages. The shape, length, and persistence of fibers may be important in eliciting cellular responses intrinsic to carcinogenesis. 
Longer, rodlike fibers (i.e., more than 5 to 10 micrometers in length and less than 0.25 microns in diameter) appear to be more cytotoxic than shorter, coarse fibers. 
Electrostatic charge on the fiber surface may enhance deposition in lung tissue, and the surface biochemistry may also impact the inflammatory response. 
Experimentally, in tracheobronchial epithelial culture systems, asbestos exhibits the characteristics of a tumor promoter; chronic exposure to asbestos, subsequent to 
the introduction of subcarcinogenic amounts of dimethyl benzanthracene (DMBA), has resulted in increased DNA synthesis, basal cell hyperplasia, squamous 
metaplasia, and a low incidence (about 5%) of squamous cell carcinoma. In the induction of mesotheliomas and pleural sarcomas, asbestos is a complete 
carcinogen.86,87

The risk of lung carcinoma in cigarette smokers has been examined in a number of asbestos-exposed populations. In 1968, Selikoff and colleagues 88 reported on the 
effects of combined exposures to cigarette smoking and asbestos in insulation workers; the relative risk for lung cancer significantly exceeded the level of risk 
expected if each exposure were to have acted only independently (noninteractively). The synergy resulting from combined exposures to tobacco and asbestos has 
been demonstrated in asbestos factory workers, Quebec miners and millers, amosite asbestos factory workers, and Finnish anthophyllite miners and millers. 89 
Although most studies have concluded that the resulting relative risks were close to multiplicative, as in exposures, to smoking and radon combined, a study among 
Canadian chrysotile miners and millers concluded that the effect of each agent was independent and additive. 90 Various sources have concluded that asbestos 
exposure, in the absence of tobacco smoking, increases the risk of both squamous cell carcinoma and adenocarcinoma of the lung. It is assumed that the 
dose-response relationship is linear and without an apparent threshold.

Mesothelioma has a protracted latency period averaging 35 to 40 years. Unlike carcinoma of the lung, smoking does not contribute to the development of 
mesothelioma in asbestos workers. Statistics on the incidence and mortality of mesothelioma are not reported routinely, because of problems in histopathologic 
classification of mesothelial cell hyperplasia and malignant neoplasia and the distinction from metastatic sarcomas or adenocarcinomas. A combination of 
histochemistry, immunocytochemistry, and electron microscopy may be necessary to achieve a precise and valid diagnosis. In the SEER program, consisting of 
population-based cancer registries that cover about 10% of the total United States population, the average annual age-adjusted incidence of mesothelioma (per 
100,000 population) from 1985 to 1989 was 1.6 among white males and 0.4 among white females. In developed countries, approximately one mesothelioma case 
occurs concurrently with 100 lung carcinoma cases. The rates in nonwhites were too low to yield reliable estimates during this period of time. As reported in other 
countries, pleural exceeded peritoneal mesotheliomas by a ratio of 9:1 in males and 3:1 in females. 91 The tumors arise rarely in the pericardium. In the SEER areas 
over the period from 1973 to 1984, the age-adjusted annual incidence of mesothelioma increased by nearly 12% per year in males and by 1% in females. The 
incidence rates appeared to have peaked among those born around 1910, and have declined among cohorts born subsequently. Projections for the United States are 
approximately 2,000 new cases per year in the 1990s. 92

There are well-documented areas of elevated incidence of mesothelioma, such as the coastal area of Virginia, England and Wales, and Japan, where there were 
shipbuilding centers; among women in areas where during World War II gas masks with asbestos filters were manufactured; or in South Africa, where excess 
mesothelioma incidence was concentrated in mining districts. Mesotheliomas may result from neighborhood or environmental (nonoccupational) exposures to 
asbestos industries and from household contact with asbestos dust, primarily through the laundering of work clothing. 93,94,95,96 and 97

All types of asbestos have the potential for causing mesothelioma, although the risks in humans are two to four times more significant for amphibole fibers, such as 
crocidolite and amosite, than for the serpentine fibers of chrysotile. The mechanisms of induction appear related to the physical properties of fiber size and dimension. 
The amphibole straight rodlike fibers can more readily be transported or penetrate to peripheral segments of the lung. The pathogenesis in mesothelial cells is 
accompanied by induced protooncogene expression and the formation of oxygen radical species. 98,99

The association between the physical structure of asbestos fibers and carcinogenicity has raised concerns regarding possible hazards of other fibers, whether natural 
or synthetic. Inorganic synthetic vitreous substances derived from glass, rock, slag, or clay are used primarily in the manufacture of thermal and acoustic insulation 
materials. Intrapleural injection of such fibers is associated with mesothelioma or sarcoma of the pleura of laboratory animals. In 1987, the World Health Organization 
declared that glass wool, rock wool, slag wool, and ceramic fibers were to be classified as 2B agents, namely agents possibly carcinogenic to humans. 100 This 
category is generally used for agents for which there is limited evidence in humans and where there is the absence of sufficient evidence in experimental animals. 
Epidemiologic studies of the association of occupational exposures to synthetic vitreous fibers and the risk of lung cancer have not shown a consistent pattern of risk 
in relation to duration of employment, average intensity and cumulative exposure dose levels, or latency interval. Further, many of the studies have not controlled 
adequately for confounding by cigarette smoking habits or exposure to other workplace respiratory carcinogens. 101,102

Nutrition: Antioxidants and Fat

Epidemiologic studies have provided evidence about the nature of dietary deficiencies and excesses that have influenced the risk of lung cancer. The most consistent 
association, gathered from case-control and cohort studies, was that increased consumption of fresh vegetables, fruits, and carotenoids lowered the risk in men and 
women, in current or former smokers, and for all histologic types. The higher levels of consumption, as specified by tertile, quartile, or quintile categories, when 



compared with the lower levels, tended to be associated with 40% to 50% reduction in the smoking-age-gender–adjusted relative risk of lung cancer of various cell 
types. Various antioxidants were considered as putative chemopreventive nutrients, but a major focus has been on the carotenoids, particularly 
b-carotene.103,104,105,106,107,108,109,110,111,112,113,114 and 115 Some investigators have reported that b-carotene was most protective in current or heavy smokers, whereas 
others have found that b-carotene or carotenoids were most protective in former smokers or in nonsmokers. In a population-based case-control study of lung cancer in 
nonsmokers conducted in New York State, Mayne and co-workers116 concluded that the increased consumption of raw (not cooked) fruits and vegetables was 
associated with a significantly reduced risk for lung cancer. Dietary b-carotene (odds ratio = 0.70; 95% CI = 0.50 to 0.99), but not dietary retinol (vitamin A), was 
significantly associated with risk reduction for lung cancer in nonsmoking men and women.

By the mid-1980s, large-scale randomized clinical trials of b-carotene, b-carotene plus retinol, or b-carotene and/or vitamin E were initiated in subjects at increased 
risk of lung cancer. The a-tocopherol/b-carotene trial (ATBC) in Finland was a primary prevention trial among over 29,000 male smokers of 50 to 69 years of age. 117 
The 2 × 2 factorial design evaluated 20 mg b-carotene and/or 50 International Units of a-tocopherol (vitamin E) daily for 6.5 years. These doses represented a fivefold 
excess over the median intake of a-tocopherol and a tenfold excess over the median intake of b-carotene in the general population. When compared with placebo 
groups, supplementation with vitamin E did not alter lung cancer incidence; however, participants receiving b-carotene alone or in combination with a-tocopherol had 
significantly higher lung cancer incidence (relative risk = 1.18; 95% CI, 1.03 to 1.36). The excess lung cancer incidence was demonstrable after the initial 18 months, 
and the randomized design and analysis controlled for cigarette smoking history.

The b-carotene and retinol efficacy trial (CARET) was a multicenter randomized trial to test whether oral administration of the combination of b-carotene (30 mg per 
day) and retinyl palmitate (25,000 IU per day) would decrease lung cancer incidence in high-risk populations of women smokers and men smokers and/or exposed 
asbestos workers. In the treatment group, when compared with the placebo group, the relative risk, after an average follow-up of four years, of death from lung cancer 
was 1.46 (95% CI, 1.07 to 2.00). The point estimates exceeded 1.1 for the current smokers, asbestos-exposed men, and current women smokers. 118,119

The Physicians' Health Study was a long-term trial organized to test the effect of aspirin on cardiovascular disease incidence. b-carotene (50 mg) was added in a 2 × 
2 design. In this healthy male population with 11% current cigarette smokers, and after an average follow-up of 12.5 years, the investigators concluded that the 
intervention did not reduce or increase the incidence of lung cancer (relative risk = 0.93). 120,121

It is disturbing and challenging to reflect about the lack of demonstrable benefit or even an adverse outcome of increased risk of lung cancer in smoking men and 
women participating in various chemoprevention clinical trials. The results of these clinical trials would appear to contradict the epidemiologic observational studies. 
b-carotene is only one of many carotenoids ingested in vegetables and fruits and, under conditions of increased oxidative stress as in exposure to cigarette smoke or 
asbestos, b-carotene can be oxidized to an epoxide or reactive electrophilic derivative that would be mitogenic rather than inhibitory of cell proliferation. 122 Handelman 
and associates exposed human plasma to the gas phase of cigarette smoke and observed oxidative disruption of carotenoids and a-tocopherol. 123 In addition to 
carotenoids, fresh fruits and vegetables contain other micronutrients including vitamin C, folic acid, flavones, isoflavonoids (e.g., soy products), protease inhibitors, 
thiocyanates, and indoles (e.g., indole-3-carbinol in Brassica vegetables).124 Folic acid, methionine, and choline are interrelated in methyl group metabolism. Selective 
growth and transformation of cells can result from imbalances in DNA hypomethylation and overexpression of protooncogenes, or hypermethylation of promoter 
regions that may attenuate the expression of tumor suppressor genes.

Various chemopreventive mechanisms of action by micronutrients and nonnutritive phytochemicals in fruits and vegetables have been suggested by in vitro and 
animal feeding experimental studies. The complex interrelated mechanisms by which substances in vegetables and fruits may inhibit carcinogenesis include 
regulation of cell differentiation; “quenching” or “trapping” of oxygen or hydroxyl free radicals; preventing the formation of electrophilic metabolites from precursor 
compounds by inhibiting the enzymatic activation pathway (e.g., cytochrome P450) or by inducing the detoxification pathway (e.g., glutathione S-transferase); 
enhancing DNA methylation; inhibiting the expression of oncogenes; and stimulating immune function 125 (see also Chapter 21, Chapter 25).

Lung cancer mortality is significantly positively correlated in various countries with per capita fat availability and consumption. An excess of lung cancer has been 
reported in case-control studies among persons with high dietary intake of foods rich in fat and cholesterol, including whole milk and eggs. However, the positive 
association of dietary cholesterol and lung cancer risk has not been reflected in studies of serum cholesterol levels. Shekelle and colleagues 126 have hypothesized 
that a low, not elevated, serum cholesterol is predictive of increased risk of lung cancer, particularly in the subgroup of the population with low intake of b-carotene. 
Studies of the effects of dietary cholesterol and total and saturated fat have attempted to control for the confounding effects of gender, smoking status, and intake of 
energy, fruits, vegetables, and carotenoids. 127 Despite the positive association with dietary fat, lung cancer risk is not associated with increasing body mass; indeed, 
several studies have described elevated risks in subgroups in the lowest categories of body mass index. Dietary lipids have been postulated to affect carcinogenesis 
by promoting mechanisms that affect cell proliferation and gap junction intercellular communication.

Previous Nonneoplastic Lung Disease

Lung cancer risk has been reported to be increased among persons with a history of tuberculosis, pulmonary fibrosis as in silicosis, or chronic bronchitis and 
emphysema. An increased risk of lung cancer following the diagnosis of tuberculosis has been reported in cohort and case-control studies. For example, in a 
population-based case-control study of lung cancer that was conducted in Shanghai, Zheng and associates 128 reported that the age-sex-smoking–adjusted odds ratio 
or relative risk of lung cancer was increased by 50% (95% CI, 1.2 to 1.8) among all survivors of tuberculosis, and by 100% among those diagnosed with tuberculosis 
within the previous 20 years. Among males, prior infection was reported by 26% of the cases and by 20% of the controls. The relative risk of lung cancer was higher 
for adenocarcinoma than for squamous or oat-cell carcinoma, and the locations of the granulomatous fibrotic lesions were highly correlated with that of the lung 
cancers. Based on the estimation of relative risk and the proportion of the population in Shanghai exposed to pulmonary tuberculosis, 9% of lung cancer cases were 
attributed to prior infection. In a case-control study by Hinds and colleagues, 129 the relative risk of lung cancer in never-smoking women in Hawaii with prior 
tuberculosis was increased significantly (odds ratio 8.2, 95% CI, 1.3 to 54.4).

The International Agency for Research on Cancer (IARC) has classified silica as a “probable” lung carcinogen (2A). Inhalation of silica causes both lung fibrosis and 
cancer in rats, but fibrosis in the absence of cancer has been observed in mice. For workers exposed to crystalline silica with clinical indication of pneumoconiosis, as 
reported in 15 cohort (12) and case-control (3) studies, the combined relative risk of lung cancer was 1.33 (95% CI, 1.12 to 1.45). 130 In a metaanalysis of lung cancer 
mortality among patients with silicosis, Smith and co-workers131 reported a pooled estimated relative risk of 2.2 (95% CI, 2.1 to 2.4). Relative risks have been elevated 
in workers with increased exposure to silica dust that is incurred in mining and quarrying, and in the granite, ceramics and glass, and foundry industries. In 
underground mining, exposure to silicon dioxide or crystalline silica may be confounded by exposure to radon and its a-particle progeny, diesel fumes, asbestos, and 
other occupational carcinogens, and/or to tobacco smoke. Increased risk appears to vary with the severity of pulmonary fibrosis, or with clinical signs of obstructive 
lung diseases that accompany chronic silicosis. 132 The excess risk of lung cancer reported in previous studies has persisted after adjusting for smoking or has not 
been associated with excess risks for other smoking-related cancers, as in the upper digestive or urinary tract organs.

Cigarette smoking may result in chronic bronchitis and/or emphysema (COPD) and/or lung cancer. In the early 1960s, Passey 133 hypothesized that it was the irritating 
properties of tobacco smoke, resulting in chronic bronchitis and inflammatory destruction of lung tissue, that was of pathogenic significance in the causal pathway of 
lung cancer, rather than any direct action by volatile and particulate carcinogens in tobacco smoke. The experiments of Kuschner, 134 however, suggested an 
alternative explanation; namely, that bronchial and bronchiolar inflammation, accompanied by reactive proliferation, squamous metaplasia, and dysplasia in basal 
epithelial cells, provided a cocarcinogenic mechanism for neoplastic cell transformation upon exposure to polycyclic aromatic hydrocarbons.

Although cigarette smoking is the predominant cause of COPD, with an estimated attributable risk fraction exceeding 80% in smoking individuals, perhaps only 10% 
to 15% of current smokers will eventually develop clinically significant sequellae of productive cough, exertional dyspnea, and cardiovascular disease. 135 There are at 
least ten cohort studies that have reported that chronic obstructive airway disease is an independent predictor of lung cancer risk ( Table 
20.9).136,137,138,139,140,141,142,143,144 and 145



TABLE 20.9. REVIEW OF COHORT STUDIES OF CHRONIC OBSTRUCTIVE PULMONARY DISEASE AND LUNG CANCER

Chronic cigarette smoking retards mucociliary clearance of foreign particulates and respiratory tract secretions, evokes an inflammatory response accompanied by 
fibrosis and thickening in the membranous and respiratory bronchioles, and causes mucus gland hypertrophy, hyperplasia, and dysplasia in the proximal airways. 146 
The manifestations of COPD signal the extent of bronchopulmonary structural and functional damage arising from the interaction of sustained exposure to toxic 
products of tobacco combustion and host susceptibility. In this context, COPD is a biomarker of both exposure dose level and tissue susceptibility. A more 
controversial issue would be that of how COPD impacts the development of lung cancer. A conceptual model is proposed that incorporates the potential 
cocarcinogenic effects of chronic obstructive pulmonary disease in the causal pathway of cigarette smoke and lung cancer ( Figure 20.2). The molecular events in the 
natural history of lung cancer comprise multiple genetic mutations that are determinants of neoplastic transformation and tumor progression, and the elaboration of 
autocrine growth factors that influence the clonal behavior and morphologic features of neoplastic cells. Chronic inflammation in the proximal and distal bronchial 
airways is an important cause of obstructive symptoms and provides the dynamic setting for oxidative stress and the formation of free radicals that accompany the 
reparative proliferative response. Increased proliferation kinetics and the interaction of hydroxyl radicals with DNA augment the likelihood of DNA structural and 
transcriptional errors.

FIGURE 20.2. Enhancement of the causal pathway of cigarette smoke and lung cancer by the association with chronic obstructive pulmonary disease. (From Islam 
SS, Schottenfeld D. Declining FEV1 and chronic productive cough in cigarette smokers: a 25-year prospective study of lung cancer incidence in Tecumseh, Michigan. 
Cancer Epidemiol Biomarkers Prev 1994;3:289, with permission.)

GENETIC PREDISPOSITION

In a study of familial aggregation of lung cancer, Tokuhata and Lilienfeld 147 reported a significantly increased risk of lung cancer mortality among nonsmoking relatives 
of lung cancer cases when compared with nonsmoking relatives of age-race-and-sex—matched controls. Other investigators have reported two-to fourfold increased 
risks of lung cancer among close relatives of lung cancer patients. In a segregation analysis involving 337 high-risk families with lung cancer, Sellers and 
colleagues148 described a pattern of autosomal codominant inheritance, and hypothesized that segregation at this gene locus would account for 69% of the lung 
cancer cases diagnosed in persons up to age 50 years. Samet and associates 149 concluded that the personal risk of lung cancer was increased more than fivefold if at 
least one parent had had lung cancer. In a study of families of women with lung cancer, an odds ratio gradient was noted: never-smoker with a positive family history 
(5.7); smoker with a negative family history (15.1); and smoker with a positive family history (30.0). 150 Familial aggregation of lung cancer may be attributed to shared 
mainstream and sidestream tobacco smoking or other environmental and/or heritable determinants. On the assumption that a lung cancer susceptibility gene with a 
frequency of 0.3 to 0.5 would increase the risk of lung cancer in carriers, then an autosomal recessive model of inheritance would predict that siblings of cases would 
manifest a two-to fourfold increased relative risk of lung cancer. 151

Multiple inherited and acquired mechanisms of susceptibility to lung cancer have been proposed (a detailed discussion of these mechanisms is reviewed in Chapter 
21). Individual susceptibility to tobacco-induced lung cancer may be dependent on competitive gene-enzyme interactions that affect activation or detoxification of 
procarcinogens and levels of DNA adduct formation, or on the integrity of endogenous mechanisms for repairing lesions in DNA. 152 Nicotine is converted to cotinine in 
a two-step enzymatic process for which the rate-limiting step is the drug-metabolizing enzyme cytochrome P-450, a genetically polymorphic enzyme. Glucuronyl 
transferase enzymes conjugate and inactivate carcinogenic compounds, including NNK, a potent procarcinogen in tobacco smoke. In a case-control study by Nakachi 
and colleagues153 in which they assessed DNA polymorphisms in the cytochrome P4501A1 gene in relationship to squamous cell lung carcinoma, persons with the 
susceptible genotype had a relative risk of 7.31 after adjusting for cigarette smoking history. DNA polymorphisms in the cytochrome P450 gene (CYP1A1), or aromatic 
hydrocarbon hydroxylase, which is responsible for the metabolic activation of benzo(a) pyrene and other polyaromatic hydrocarbons, may represent a locus of a 
susceptibility gene for lung cancer. Increased activity of CYP1A1 has been demonstrated in lung cancer cells when compared with normal tissue in the same patient, 
suggesting that dysregulation of the gene may occur in carcinogenesis. However, no association between lung cancer and CYP1A1 polymorphisms was reported in 
studies in Finland conducted by Hirvonen and co-workers. 154,155

The genetically controlled ability to metabolize the antihypertensive agent debrisoquine has been linked to the risk of lung cancer. The P450 gene (CYP2D6) that 
regulates debrisoquine metabolism appears to influence the metabolism of nicotine to cotinine and metabolic activation of 
4(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK), a tobacco-specific nitrosamine, which is a potent carcinogen in experimental animals. Those who are extensive 
metabolizers in the hydroxylation of a 10 mg test dose of debrisoquine, a dominant trait affecting up to 90% of the United States white population, have been 
characterized as being at increased risk of lung cancer. Caporaso and associates 156 had initially estimated the smoking-adjusted relative risk to be increased sixfold, 
but more recently, studies have suggested more modest increases that are twofold or have failed to demonstrate an association using either the debrisoquine 
metabolic phenotype or PCR assays for detecting the genotype. 157,158

Other biomarkers of susceptibility may include glutathione-S-transferase (GST) gene polymorphisms. Isoenzymes of glutathione-S-transferase have been identified, 
and the presence of the GST-µ isoenzyme is dominantly inherited. 159 Several case-control studies have suggested that subjects with deficiency of the GST-µ 
isoenzyme or the GSTM1 null genotype, may have a 10% to 60% increase in lung cancer risk. Some studies have also evaluated potential interactions between 
CYP1A1 and GSTM1 genotypes.160 Studies in Japan have reported that subjects with the combined GSTM1 null genotype and CYP1A1 polymorphisms were at 
increased risk.161

It is now clear that human tumors result from a complex sequence of mutational events. The bronchial epithelium of sustained smokers progresses from squamous 
metaplasia, to dysplasia, to invasive carcinoma, which is accompanied by progressive genomic instability. Many of the genetic defects that have been described in 
somatic cells of lung neoplasms are acquired during adult life, and are related to exposures to environmental carcinogens. Some genetic events, however, are 
inherited in a Mendelian fashion. Individuals with combinations of alleles that control enzyme systems regulating activation or detoxification pathways may be at 



increased risk of lung cancer when exposed to even low dose levels of tobacco smoke or other mutagens. However, the importance of these phenotypic biochemical 
manifestations in predicting human lung cancer risk is questionable. In a cohort study of monozygotic and dizygotic twin pairs followed in the National Academy of 
Sciences/National Research Council Twin Registry, it was concluded that inherited predisposition was not demonstrable in relationship to smoking-induced lung 
cancer diagnosed in men older than 50 years. 162 If one were to assume that 50% of lung cancer deaths before age 50 years were due to genetic predisposition, this 
would represent only 5% of lung cancer deaths.
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Lung cancer has long been considered a disease determined solely by environmental exposures. It is estimated that 80% to 90% of lung cancer incidence can be 
attributed to cigarette smoking.1 However, only 10% to 15% of all smokers develop lung cancer 2 and 10% to 15% of all lung cancers occur among nonsmokers. 
Clearly, individual differences exist in susceptibility to lung carcinogens. This chapter explores whether individual differences in susceptibility to lung cancer are 
inherited.

EVIDENCE SUPPORTING AN INHERITED COMPONENT TO RISK

The search for evidence supporting an inherited component for disease begins by adressing the following three questions: 3 (a) Does the disease aggregate or cluster 
in families? (b) Is familial aggregation related to shared environmental exposures, biologically inherited susceptibility, or cultural inheritance of risk factors? (c) What 
is the pattern of inheritance of genetic susceptibility? If evidence supports an inherited component of disease, then the next set of questions focuses on the 
localization of disease genes and mechanisms of carcinogenesis.

Familial Aggregation

Familial aggregation or clustering of a disease provides the first piece of evidence supporting the possibility of an inherited component to that disease. More than 30 
years ago, Tokuhata and Lilienfeld 4 observed that the number of deaths caused by lung cancer was higher among relatives of lung cancer cases than among relatives 
of controls. Several other studies since then have demonstrated a familial component to lung cancer risk 5,6,7,8,9,10 and 11 (Table 21.1) (see also Chapter 20) with odds 
ratios (OR) associated with family history ranging from 1.3 to 7.2. These studies have used traditional case-control designs, in which familial risk is indicated by cases 
being more likely than controls to report a family history of lung cancer. The consistent demonstration of lung cancer aggregation in families can have several 
interpretations, including: (a) an inherited component to lung cancer risk; (b) environmental risk factors such as cigarette smoking shared among family members; or 
(c) family structure (i.e., family size and ages) differs between cases and controls affecting the risk profile of the family. To understand the reasons behind familial 
aggregation of lung cancer, exposure to cigarette smoke and other risk factors among relatives and the age structure of the family must be known.

TABLE 21.1. CASE-CONTROL STUDIES OF FAMILY HISTORY OF LUNG CANCER

The Causes of Familial Aggregation

Only three studies of familial aggregation of lung cancer have been done using a detailed family study approach, 12 collecting risk factor data for family members. 
These studies are summarized in Table 21.2. In a study of families of 270 lung cancer cases and a similar number of controls, Tokuhata and Lilienfeld 4 observed that 
the number of deaths caused by lung cancer was four times that expected among non-cigarette-smoking relatives of lung cancer cases and two times that expected 
among cigarette-smoking relatives. The effect of smoking on lung cancer risk was greater than the familial effects in males, whereas the reverse was true in females. 
The effect of family history was stronger among nonsmokers than among smokers. Cigarette smoking and family history interacted, resulting in very high risk of lung 
cancer among persons with both characteristics.

TABLE 21.2. FAMILY STUDIES OF FAMILIAL RISK OF LUNG CANCER

The second study was conducted among residents of 10 parishes in Louisiana, with families of 336 persons dying from lung cancer in a four-year period. 5 After 
adjusting for age, sex, smoking history, and occupational exposures for each relative, a 2.4-fold excess of lung cancer was reported among relatives of lung cancer 
cases as compared to relatives of spouse controls. Parents of cases had a four-fold increased risk of developing lung cancer. Relatives were also at excess risk for 
cancers of the nasal cavity, mid-ear, and larynx (Relative Risk [RR] = 4.6); trachea, lung, and bronchus (RR = 3.0); skin (RR = 2.8); and uterus, placenta, ovary, and 



other female organs (RR = 2.1.)13

The third study, the author's Family Health Study in Detroit, was designed to focus on individuals likely to have risk most strongly associated with genetic factors 
(early-onset cases under age 45) and individuals who demonstrate increased susceptibility to low levels of exposure (nonsmoking and early-onset cases). 
Population-based, incident lung cancer cases were identified through the Metropolitan Detroit Cancer Surveillance System (MDCSS) of the Karmanos Cancer 
Institute, a participant in the National Cancer Institute's (NCI's) Surveillance, Epidemiology, and End Results (SEER) program, and population-based controls were 
selected through random digit dialing. 10

Excess risk of lung cancer, after adjustment for each relative's age, sex, race, smoking status, occupation, industry, and history of other lung diseases, was limited to 
first-degree relatives of nonsmoking lung cancer cases 40 to 59 years of age (RR = 6.1; 95% Cl 1.1–33.4) 10 and relatives of early-onset cases (RR = 2.1; 95% Cl 
1.2–3.7) (unpublished preliminary findings). Although not statistically significant, offspring of the nonsmoking cases had seven times the risk of lung cancer, 10 siblings 
of early-onset cases were at sixfold increased risk, and relatives of younger, female nonsmoking cases with adenocarcinoma of the lung were at the highest risk with a 
RR of 22.3.14

In characterizing lung cancer families in Detroit, other cancers were observed among first-degree relatives. Relatives of nonsmoking cases were 20% more likely to 
develop any cancer than relatives of controls (RR = 1.19; 95% Cl 0.94–1.50). 15 A similar excess risk of cancer was seen for all sites excluding lung cancer (RR = 1.19, 
95% Cl 0.94–1.51). Risk among first-degree relatives of cases was approximately 1.4-fold or higher than that of relatives of controls for cancers of the digestive 
system (RR = 1.52; 95% Cl 1.02–2.27), breast (RR = 1.72; 95% Cl 0.90–2.22), and tobacco-related sites, including respiratory system, oral cavity and pharynx, 
esophagus, bladder, and kidney (RR = 1.42; 95% Cl 0.93–3.18). A positive family history of lung cancer at a very early age (less than 40 years) also increased the 
risk of any cancer 80% (95% Cl 1.2–2.7) and breast cancer 5.1-fold (95% Cl 1.7–15.1) 16 after adjusting for age, race, sex, and smoking status of each relative and sex 
and age of the proband.

The role for inherited susceptibility of lung cancer is suggested by these findings of familial aggregation, exceeding that associated with familial clustering of smoking 
habits and considering family size and structure. The findings of stronger aggregation when onset of disease is early are indicative of an inherited component to risk. 
These studies also provide evidence that susceptibility to cancer among relatives of lung cancer cases may not be limited to cancers of the lung. The most prevalent 
cancers in lung cancer families include tobacco-related cancers and cancers of the digestive tract and breast.

Patterns of Inheritance

These case-control family-based studies add to the evidence supporting an inherited susceptibility to lung cancer but do not explicitly address genetic models, which 
may underlie familial aggregation. The third question to be addressed, given familial aggregation of lung cancer, is what is the pattern of inheritance of genetic 
susceptibility? The Louisiana study and the nonsmoking portion of the Detroit study, both described previously, are the only two studies that have addressed this 
question (Table 21.3). Segregation analysis was used to determine if the pattern of disease occurrence in relatives is consistent with Mandelian dominant, 
codominant, or recessive inheritance of a major gene, transmission of environmental factors, or is sporadic, after considering the age, sex, and environmental 
exposures among family members.

TABLE 21.3. SEGREGATION STUDIES OF MODE OF INHERITANCE OF LUNG CANCER IN FAMILIES

In the Louisiana study, the pattern of lung cancer occurrence in families of persons dying from lung cancer was consistent with Mendelian codominant inheritance of a 
rare autosomal gene with variable age at onset.17 This putative gene is estimated to be responsible for 69% of the lung cancer at age 50, 47% at age 60, and 22% at 
age 70. Heterogeneity in inheritance patterns based on age at death of the lung cancer proband was also noted. 18 In the subset of families of probands dying before 
age 60, the model predicts that virtually all lung cancer occurs among cigarette-smoking gene carriers. Aggregation of smoking-associated cancers (i.e., lung, oral 
cavity, esophagus, nasopharynx, larynx, cervix, bladder, kidney, and pancreas) in case families was also consistent with Mendelian inheritance. 19

In the Detroit study of families of nonsmoking lung cancer cases, complex segregation analysis performed for the entire sample of 257 nonsmoking cases and their 
2,219 family members, found an environmental model with homogeneous risk across generations best explained the observed data. 20 Both the hypothesis that lung 
cancer occurrence was sporadic and the hypothesis that a genetic predisposition accounts for the familial aggregation were rejected.

To further investigate heterogeneity by age of the proband, the segregation analysis was repeated, stratified by age of the proband. 21 A Mendelian codominant model, 
with significant modifying effects of smoking and chronic bronchitis, best explained the observed data in the families of 47 nonsmoking probands 40 to 59 years of 
age. The estimated risk allele frequency was 0.004. Homozygous individuals with the risk allele are rare in the study population (1.6/100,000), making the attributable 
risk very low, even considering very high penetrance of early-onset lung cancer (85% in males and 74% in females by age 60). Heterozygous individuals constitute 
1% of the study population and have a relatively low risk of lung cancer unless they are smokers with chronic bronchitis. Those homozygous for the low-risk allele 
were estimated to be at 6% and 2% risk of lung cancer in males and females, respectively, by age 80 if they smoked and had a history of chronic bronchitis. These 
findings point to a high-risk gene contributing to early-onset lung cancer. The attributable risk associated with the high-risk allele declines with age because the role of 
tobacco smoking and chronic bronchitis become more important. No evidence suggested a major gene segregating in families of nonsmoking cases age 60 to 84 
years.

GENES FOR LUNG CANCER

Consistent evidence suggests that lung cancer aggregates in families, that aggregation is not completely accounted for by clustering of environmental risk factors or 
family structure, and that the pattern of cancer occurrence in some families is consistent with Mendellan inheritance of a rare major gene, particularly when onset is 
early. The studies of familial risk described (a) support the existence of a single gene for lung cancer acting in a subset of families, with penetrance modified by 
environmental exposures, and (b) are consistent with common susceptibility genes acting to moderately increase cancer risk. Single genes and susceptibility genes 
are distinguished from one another based on several characteristics. 22 Single genes are necessary and sufficient to cause disease, are rare in the population, and are 
associated with strong familial aggregation and large relative risks, with onset of disease at an early age. Examples of single gene/cancer associations include RB 
and retinoblastoma23 and BRCA1 and breast cancer.24 Susceptibility genes are neither necessary nor sufficient for disease occurrence, are often common (gene 
frequencies greater than 1%), and are associated with moderate familial aggregation. Common susceptibility genes, at frequencies of greater than 0.20, occur so 
often in the population that distinct familial aggregation may not be observed. 25

Single Genes for Lung Cancer

A single gene for lung cancer has not yet been identified. Lung cancer has been shown to occur, on occasion, in Li-Fraumeni families, associated with inherited p53 
mutations.26 Although some lung cancer families may carry a mutated p53 gene, and breast cancer has been seen in conjunction with lung cancer, an excess of 



childhood cancers has not been noted, suggesting that inherited p53 mutations do not account for all the observed aggregation.

A genome-wide search for a lung cancer gene can proceed along two paths: linkage studies and relative-pair based studies. 27 Genetic linkage studies aim to localize 
a disease gene to a chromosomal region by identifying cosegregation of a marker gene and a putative disease gene in families more often than expected. Linkage 
studies require the accrual of large, multigeneration pedigrees with multiple affected family members and knowledge of the mode of disease transmission. This 
strategy is powerful when genetic loci are highly penetrant, but power decreases when susceptibility alleles become more common and less penetrant. 28 Relative-pair 
based methods are also used to detect linkage by demonstrating that affected relatives inherit an identical chromosomal region more often than expected by chance. 
This approach does not require specification of a mode of inheritance or the collection of large pedigrees, but it may be less powerful than a correctly specified 
linkage model. The difficulties in pursuing either of these approaches with lung cancer are that lung cancer families are rare, with cases having two or more 
first-degree relatives affected occurring in only 1% of the population, onset is usually in the mid to late 60s, and because of the high case fatality for lung cancer, 
affected relatives are typically deceased, requiring the used of fixed tissue for genotyping. Because of the large environmental component to risk, smoking data must 
be collected on all family members, many of whom may also be deceased.

The Genetic Epidemiology of Lung Cancer Consortium (GELCC) was formed in 1996 and recently funded by the NCI to conduct the first multicenter linkage study to 
identify a gene for lung cancer. Participating centers include the University of Cincinnati College of Medicine, Karmanos Cancer Institute/Wayne State University 
School of Medicine, Johns Hopkins University, MD Anderson Cancer Center, University of Texas Southwestern Medical Center, Medical College of Ohio, University of 
Colorado Health Sciences Center, and the National Human Genetics Research Institute. The GELCC plans to identify high-risk lung cancer families, to genotype 
informative family members using 400 markers evenly spaced throughout the genome, and to map a gene for lung cancer using genetic linkage analysis.

Susceptibility Genes for Lung Cancer

The existence of common susceptibility genes for lung cancer is also supported by findings of moderate familial aggregation. Candidate susceptibility genes include 
those associated with carcinogen metabolism, DNA repair, and alpha-1-antitrypsin.

Metabolic Enzyme Polymorphisms

Several genetically determined polymorphisms in the microsomal mixed-function oxidases (cytochrome P450s/phase I) and phase II enzymes have been studied. 
Phase I enzymes metabolically activate procarcinogens to genotoxic electrophilic intermediates that can bind DNA ( Figure 21.1). DNA adducts, if not repaired or 
removed, can lead to mutations within oncogenes or tumor-suppressor genes initiating the carcinogenic process. Phase II enzymes detoxify genotoxic intermediates 
by conjugation, forming water-soluble compounds that are excreted by the cell ( Figure 21.1). Individual differences in susceptibility to carcinogens are thought to 
result from the balance between the formation of genotoxic intermediates and detoxification. Individuals who rapidly move through phase I metabolism and are 
deficient in phase II metabolism, resulting in the accumulation of genotoxic intermediates, are presumed to be at increased risk of lung cancer.

FIGURE 21.1. The role of phase I and phase II enzymes and DNA repair in lung carcinogenesis.

The most widely studied polymorphic loci coding for enzymes involved in the activation and conjugation of tobacco smoke constituents are the cytochrome P450, 
phase I enzymes CYP1A1, CYP2E1, and the phase II glutathione S-transferases (GSTM1, GSTT1, GSTP1), and N-acetyltransferases (NAT2). Although only limited 
evidence indicates that CYP2D6 is involved in the metabolism of carcinogens in tobacco smoke, polymorphisms at this locus have also been studies in relation to 
lung cancer.29 Several reviews of the associations among these genetic polymorphisms and lung cancer risk have been published, and only a brief overview will be 
given.29,30,31 and 32

Evidence for an association between CYP1A1 polymorphisms and risk of lung cancer has come primarily from studies in Japanese populations with risks increased 
more than two-fold33 and more recently in a population in Hawaii, which included Caucasians, Japanese, and Hawaiians. 34 Risk associated with CYP1A1 genotype 
has not been detected in studies of populations in Brazil. 35 Norway,36 Finland,37 or the United States.38 Frequencies of variant alleles differ markedly by ethnicity, with 
higher frequencies in the Japanese population. Studies in populations with lower frequencies of variant alleles may be underpowered to detect risk differences.

A recent metaanalysis of studies of CYP2D6 polymorphisms and lung cancer concludes that individuals characterized as poor metabolizers, either by phenotype or 
genotype, are at reduced risk of lung cancer (odds ratio (OR) = 0.69; 95% Cl 0.52–0.90). 39 Expressed in terms of risk associated with extensive metabolism, extensive 
metabolizers are at 1.4-fold increased risk of developing lung cancer. Two other reviews have estimated that lung cancer risk associated with extensive metabolism is 
increased 2.3-fold (95% Cl 1.6–3.4)40 or not increased at all (OR = 1.05; 95% Cl 0.75–1.47). 41 Bouchardy et al.42 demonstrated that increased lung cancer risk was 
only associated with CYP2D6 phenotype in heavy smokers. Variations by smoking status may explain some of the conflicting findings.

Variants of CYP2E1 have not been associated with increased risk of lung cancer in Japan, 43 Brazil,35 or Finland.37 A recent study in Hawaii reported a 10-fold 
decrease in risk of lung cancer in individuals homozygous for the variant alleles. 34

Glutathione S-transferases, examples of phase II enzymes, occur in several classes. GSTM1 occurs in the null form in approximately 50% of the population. The most 
recent metaanalysis estimates an overall OR of 1.13 (95% Cl 1.04–1.25), suggesting modest increased risk associated with the GSTM1 null genotype.44 An earlier 
review provides a slightly larger OR of 1.41 (95% Cl 1.23–1.61), concluding that GSTM1 deficiency accounts for approximately 17% of all lung cancer cases. 45 
Polymorphisms in GSTT146 and GSTP1 have not been as well studied. Individuals carrying the null GSTT1 genotype have not been shown to be at increased risk of 
lung cancer unless also carrying the GSTM1 null genotype.47,48 In two studies, the GSTP1 low-activity allele has been associated with an approximately twofold 
increased risk.49,50

Only a few studies have been conducted of NAT2 genotype and lung cancer risk; two studies have had negative findings. 51,52 Cascorbi et al.53 found a 2.4-fold (95% 
Cl 1.05–5.32) excess risk when NAT2*4/*4, was overexpressed yielding fast acetylation. One study found increased risk for slow acetylators among never smokers 
but an increased risk for rapid acetylators among smokers. 54 The dual role of NAT2 in both activation and deactivation of arylamines complicate these studies.

The results from several of these studies suggest that the effects of a metabolic enzyme phenotype or genotype may be more evident at low levels of exposure to 
carcinogens.35,55,56 At high exposure levels, saturation of enzyme activity may occur among both rapid and slow metabolizers. 57 This activity may not occur among 
those individuals with lower exposures, so the effects of genotype are more likely to be evident.

The identification of nonsmoking and early-onset lung cancer cases may serve to characterize families with altered metabolism of carcinogens and increased 
susceptibility. In the author's Detroit study, preliminary analyses of the polymorphisms in CYP1A1, CYP2E1, and CYP1B1 have been conducted. Among nonsmokers, 
individuals carrying at least one copy of the exon 7 Val allele in CYP1A1 were at twofold increased risk of developing lung cancer (95% Cl 0.6–6.6) after adjusting for 
age, race, sex, and environmental tobacco smoke exposure.58 When the analysis was limited to nonsmokers with passive smoke exposure, the OR was somewhat 



higher, 2.3 (95% Cl 0.7–8.1). Excess risk associated with the CYP1A1 variant allele was highest among nonsmokers under age 60 (OR = 3.6; 95% Cl 0.7–19.7). 
Although these findings are not statistically significant, they suggest that the CYP1A1 exon 7 polymorphism may contribute to risk of early-onset lung cancer among 
nonsmokers. No increased risk of lung cancer was associated with the CYP2E1 Rsal polymorphism in nonsmokers (OR = 0.69; 95% Cl 0.08–6.29). These analyses 
are continuing, and the larger sample sizes, with the associated increase in power, will allow for a more complete evaluation and exploration of gene-environment and 
gene-gene interactions.

Cytochrome P4501B1 is a newly identified enzyme that activates polycyclic aromatic hydrocarbons (PAHs) (see also Chapter 3), several aryl amines, and heterocyclic 
amines to genotoxic metabolites59,60 and is present in the lung. A polymorphism in the gene coding for this enzyme, a C-to-G transversion in exon 3, results in an 
amino acid change from Leu-432 to Val.61,62 In preliminary analysis, nonsmokers in the Detroit study carrying the Val/Val genotype have been shown to be at five 
times higher risk of lung cancer than nonsmokers carrying either the Leu/Leu or Leu/Val genotype (95% Cl 2.4–14.9)(63). Sixty-four percent of these cases reported 
exposure to environmental tobacco smoke. A statistically insignificant twofold increased risk of early-onset lung cancer was associated with the Val/Val genotype. 
Eighty percent of the early-onset cases were smokers. This is the only study to date to investigate the relationship between CYP1B1 and lung cancer risk. These data 
suggest that when exposure is low, the contribution of low-penetrant susceptibility genes may be revealed.

In general, studies of metabolic enzyme polymorphisms have yielded conflicting results. Conclusions from these studies have been limited by the low frequency of 
some polymorphisms in the population, variability in allele frequencies by ethnicity, the potential for heterogeneity by histologic type of lung cancer, and variation in 
risk associated with level of exposure to tobacco smoke. One genotype is unlikely to have a strong effect on risk and interactions between CYP1A1 and GSTM1,64,65 
and GSTM1 and GSTT147,48 have been reported. To fully evaluate the role of these polymorphisms in lung cancer risk, alterations at several loci, gene-gene 
interactions, and gene-environment interactions must be considered, necessitating extremely large, well-designed studies.

Mutagen Sensitivity and DNA Repair Capacity

Individual variability in DNA repair capacity may contribute to inherited susceptibility to lung cancer, with individuals who are unable to repair DNA damage, or do so 
at a slower rate, accumulating mutations that may modulate risk (Figure 21.1). The mutagen sensitivity assay measures chromatid breaks in cultured lymphocytes 
after exposure to bleomycin66 or BPDE (Benzo[a]pyrene Diol Epoxide)67 as an indirect measure of DNA excision repair effectiveness. The extent of genetic damage in 
lymphocytes is thought to reflect damage in target tissues.68 Increased numbers of bleomycin or BPDE-induced breaks have been associated with a 4.3- and 7.3-fold 
increased risk of lung cancer, respectively. 69 As has been shown for some metabolic enzyme polymorphisms, risk of lung cancer associated with mutagen sensitivity 
in nonsmokers and light smokers was higher than that seen for smokers and higher in younger as compared to older individuals. These findings suggest that those 
who are mutagen sensitive may be susceptible at earlier ages and at lower exposures than individuals with fewer mutagen-induced breaks.

Mutagen sensitivity has been shown to correlate with DNA repair capacity. 70 In a pilot study of 51 lung cancer patients and 56 controls, DNA repair capacity was 
measured using the host-cell reactivation assay. 71 Cases were more likely to have reduced DNA repair capacity (OR = 5.7; 95% Cl 2.1–15.7) after adjustment for age, 
sex, ethnicity, and smoking status. Amino acid substitution variants have been identified in several DNA repair genes (i.e., ERCC1, XPD, XPF, XRCC3, and XRCCl), 
and studies of these polymorphisms and risk of lung cancer are warranted. 72

a-1-Antitrypsin

a-1-Antitrypsin is an inhibitor of serine proteinases, protecting the lower respiratory system from damage by neutrophil elastase. A deficiency in this enzyme, 
associated with the Pi S or Z alleles, increases risk of emphysema.73 Chronic obstructive pulmonary disease (COPD) and lung cancer share risk factors, can both be 
familial, and the presence of a history of COPD increases risk of lung cancer (See also Chapter 20, Chapter 22),74,75 and 76 suggesting that a-1-antitrypsin might also be 
important in the development of lung cancer, especially in those individuals with low levels of exposure to tobacco smoke. In a recent study, the frequency of 
a-1-antitrypsin deficiency (a1AD) in a hospital-based series of lung cancer patients was compared to published a1AD frequencies of 7%. 77 Overall, lung cancer 
patients had a higher a1AD frequency (12.3%). The 34 nonsmoking lung cancer cases in the study had an a1AD rate of 20.6%. This study was unable to adjust for 
ethnicity, tobacco exposure, or other potential confounders, such as COPD, because it lacked a control group.

In preliminary analyses of the Detroit data for nonsmokers, individuals carrying either the Pi S or Z alleles were at 2.6-fold increased risk of lung cancer (95% Cl 
0.7–9.1).78 The carrier frequency was 15.6% in the nonsmoking cases and 5.8% in nonsmoking controls. In nonsmokers under age 60 years, the OR was 13.8 (95% 
Cl 1.4–137), whereas in nonsmokers 60 years of age or older the OR was 1.7 (95% Cl 0.3–8.3) after adjustment for age, sex, race, and environmental tobacco smoke 
exposure. These analyses need to be completed for the entire data set, but the findings suggest that a1AD may be associated with earlier onset lung cancer among 
nonsmokers.

Results from case-control studies of polymorphic loci and cancer risk must be interpreted with caution. If disease incidence and allele frequencies vary by ethnicity, 
spurious results might arise. 79 Proper selection of control populations and stratification by ethnicity in the analysis are essential. It should be emphasized that there is 
likely to be tremendous heterogeneity in lung cancer cause, and the role of lung cancer susceptibility genes should not be underestimated. These genes may be of 
high frequency and associated with a substantial attributable risk in the population, even when the relative risk of lung cancer is increased only moderately. Large 
numbers of nonsmoking and early-onset lung cancer patients have not been studied at these candidate loci, and these subgroups may provide the most insight. 
African Americans and females have also been under-represented, even though, in younger age groups, the incidence of lung cancer among African Americans is 
higher than in whites, and women have rates comparable to men. The inclusion of multiple polymorphic loci studied within the same population will allow for the study 
of gene-gene interactions.

SUMMARY

Substantial evidence supports an inherited component to lung cancer. Familial aggregation has been demonstrated, and contributions by a major gene for lung 
cancer have been suggested. Although a single gene for lung cancer has not yet been identified, several susceptibility genes have been associated with moderately 
increased risk. Future studies need to consider a wide range of design strategies, including (a) family-based studies with the collection of family history beyond 
first-degree relatives to further evaluated modes of inheritance and heterogeneity by age at diagnosis; (b) large population-based studies of candidate susceptibility 
genes and gene-gene and gene-environment interactions; and (c) linkage studies with genome-wide searches for single genes to more fully understand the role of 
inherited susceptibility in lung cancer. Lung cancer is one of the major cancers, for which only minimal progress has been made in early detection and treatment. 
Because it is the leading cause of death from cancer, it is exceedingly important to identify high-risk populations. Once high-risk individuals with a genetic 
predisposition can be identified, they can be targeted for early education, access to developing screening methods, and close medical follow-up.
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Lung cancer is the most common fatal malignancy in both men and women in the United States. In 1999, an estimated 171,600 patients will be diagnosed. Because 
the diagnosis is most commonly made in later stages, including presentations that manifest as distant metastasis, approximately 158,900 deaths will occur in 1999, if 
the current survival statistics continue. Today, lung cancer is the third most common cause of death in the world. Worldwide, lung cancer was responsible for more 
than 900,000 deaths in 1990. 1

Studies examining the efficacy of screening for lung cancer carried out in the 1970s and 1980s have led to a nihilistic attitude regarding the early diagnosis of lung 
cancer. Easily obtained clinical indices that can be used to identify individuals at high risk for the development of lung cancer were not appreciated at the time of 
design of the large screening trials. Unfortunately, these trials were carried out in populations that are not at greatly increased risk for lung cancer and may have 
yielded falsely discouraging results. The purpose of this chapter is to present an approach to early identification and intervention that could dramatically alter the 
course and outcome of lung cancer today.

HISTORICAL PERSPECTIVE

The association between chronic lung disease and lung cancer was recognized more than 40 years ago (see also Chapter 20). Advanced emphysema, chronic 
bronchitis, and chronic tuberculosis antedated the diagnosis of lung cancer in 45 of 86 patients over a 10-year period. More than 90% of these 86 patients had a 
chronic cough prior to the diagnosis of lung cancer. Ironically, in that era, chest x-rays and sputum cytology screening for lung cancer were advised. 2,3 Later, it was 
again emphasized that lung cancer commonly accompanied chronic lung diseases such as chronic bronchitis. 4

On December 4, 1951, the Philadelphia Neoplasm Research Project was initiated to study the natural history of bronchogenic carcinoma in a population of older men 
by semiannual chest mini photofluorograms and a symptom questionnaire. By December 1965, the project was completed. In all, 6,137 male smokers were enrolled. 
One hundred fifty-six histologically confirmed lung cancers had been identified; 66 on enrollment and 90 after enrollment. 5 Upon completion of this study, The 
Philadelphia Neoplasm Research Project concluded that early diagnosis of lung cancer was impractical and did not result in reduced mortality.

In the mid-1970s, the National Cancer Institute (NCI) funded three studies, which were conducted at the Johns Hopkins Medical School, 6 the Memorial 
Sloan-Kettering Cancer Center, 7 and the Mayo Clinic.8 These studies enrolled men in a screening program using serial chest x-rays and sputum cytologic studies. At 
the end of these studies, it was again concluded that screening for lung cancer does not reduce mortality from lung cancer. A study of men at high risk in 
Czechoslovakia also concluded a lack of benefit from semiannual screening. 9

With the benefit of hindsight, it is now clear that serious deficiencies existed in the design of these studies. All sought to study high-risk smokers, but the association 
of airflow obstruction with susceptibility to lung cancer was not widely appreciated at the time of design of these studies and was therefore not exploited to define a 
high-risk group. The entrance criteria for tobacco use were not high enough to guarantee a high risk for lung cancer (only one pack-year of smoking was required 
before entry in some cases). Women, who are now believed to be of higher susceptibility than men to lung cancer, were not included.

An important shortcoming was that it was believed to be unethical to have an unscreened control population, so none of the studies carried out in the United States 
had an unscreened control group. The Memorial Sloan-Kettering and Johns Hopkins studies compared yearly with more intensive screening regimens, and the Mayo 
study compared screening every three months with a recommendation to have yearly screening. It was hoped that the control group (recommended to have yearly 
screening), would contain a sizable subgroup that did not comply with this recommendation, but this subgroup was not as large as hoped. It is important to appreciate 
that at the time these studies were conducted, the yearly chest radiograph was a standard component of health care. In summary, the current practice of not 
performing any studies on high-risk smokers or ex-smokers with airflow obstruction, sputum production, or additional exposures to carcinogens such as asbestos or 
radon daughters has not been shown to be equally efficacious as screening; the question has not been studied.

The results of the Mayo Clinic study have now been revisited. 8 Strauss has concluded that, in fact, early identification did result in improved survival in patients found 
with early stages of disease. Perhaps the Johns Hopkins study is even more revealing because it showed that many cases of lung cancer that were missed might 
have been diagnosed using more modern techniques applied to libraried sputum cytology specimens. 11

The NCI studies resulted in a shift of diagnosis to more early stages of disease, and meaningful improvements were made in resectability, survival, and fatality of lung 
cancer. Although overall mortality was not improved by screening, these studies did demonstrate higher 5-year survival rates than expected. Nonetheless, the current 
dogma is that screening for lung cancer is not worthwhile, and it is not recommended for even large populations of high-risk smokers. 12

THE ASSOCIATION BETWEEN CHRONIC AIRFLOW OBSTRUCTION AND LUNG CANCER

The strong association between the presence of airflow obstruction and lung cancer has been known for more than two decades. 13,14 More recent studies have 
strengthened this association.15,16 An interesting observation of the Lung Health Study sheds additional light on this relationship. In a sample of middle-aged men and 
women, over the age of 35, but not yet 60, with only mild degrees of airflow obstruction and with the requirement of smoking at least a pack a day for 10 years (i.e., 10 
pack-years), 5,887 patients were followed for 5 years. 17 The main objective of this study was to learn the impact of intervention via smoking cessation and the use of a 
bronchodilating anticholinergic aerosol on the rate of decline of ventilatory function. In brief, those patients (approximately 22%) who were sustained quitters 
throughout the 5-year follow-up had a slight improvement in lung function, followed by only a minor decline ( Figure 22.1). At the end of 5 years, ventilatory function as 
judged by FEV was only slightly below the mean FEV, levels at enrollment. By contrast, those patients who continued to smoke had much more rapid rates of decline. 
One of the most interesting features of this study was the cause of death, presented in Table 22.1. Fifty-seven, or 1%, had died of lung cancer by the end of 5 years. 
At this writing, another group of patients have emerged with lung cancer in a late follow-up. Now, more than 100 (i.e., approximately 2%), have either died or 
developed lung cancer. One would have expected that heart attack or stroke might be the most common cause of mortality, but this was not the case, (n = 37). Thus 
20 more lung cancer deaths than heart attack and stroke deaths were reported during the follow-up. Unfortunately, no chest x-rays were done during the Lung Health 
Study to learn whether or not lung cancer was present at the time of enrollment. One can conclude from all of these studies linking airflow obstruction to lung cancer 
that the increased risk is approximately four- to six-fold, compared to when no airflow obstruction is present, with all other factors including smoking history, 
occupational exposures, age, sex, and family history taken into consideration.



FIGURE 22.1. Mean postbronchodilator forced expiratory volume at 1 second (FEV1) for participants in the smoking intervention and placebo group who were 
sustained quitters (¡) and continuing smokers (l). The two curves diverge sharply after baseline. (From Anthonisen NR, Connett JE, Kiley JP, et al. Effects of smoking 
intervention and the use of an inhaled anticholinergic bronchodilator on the rate of decline in FEV 1. The Lung Health Study. JAMA 1994;272:1,497, with permission.)

TABLE 22.1. THE LUNG HEALTH STUDY: DEATHS WITHIN FIVE YEARS*

The new wave of enthusiasm for lung volume reduction surgery has also demonstrated the strong association between advanced emphysema and lung cancer. 18 In 
resected tissues, 6.4% had cancer, of which several were identified only by pathologic examination. Survival at short-term follow-up was excellent. 18

RISK FACTORS

By far, the most powerful risk factor in lung cancer is smoking. Approximately 1 in 10 smokers develop bronchogenic carcinoma over a lifetime. 19 Although no safe 
level of smoking exists, historical tradition has offered the notion that smoking a pack a day for 20 years (i.e., 20 pack-years) or more indicates the populations at 
highest risk. In general, the year that one starts to smoke and the intensity of smoking over a lifetime magnifies the smoking-related risk. 20 Passive smoking is also an 
established risk factor for lung cancer. 21

Certain occupations, such as asbestos mining, those involving asbestos dust exposure, and uranium mining, along with exposure to arsenic, nickel, acrylonitrile, 
chromium, beryllium, cadmium, chloromethyl ether solvents, and possibly silica, are known occupational risks. 22 Diesel exhaust is considered a risk factor and may 
explain the increase risk of lung cancer among different types of professional drivers in Denmark. 23 Family history is a definite risk factor, as it is for many 
organ-associated carcinomas.24 Consumption of a diet low in fruits and vegetables (possibly because of antioxidant content), may magnify risk. 25 HIV infection may 
result in lung cancer occurring at a young age, often occurring after a less intense exposure to tobacco than in patients who are not HIV-infected. 26

IDENTIFICATION OF ROENTGENOGRAPHICALLY OCCULT LUNG CANCER

Chest X-rays

Although the chest x-ray is the time-tested method of identifying lung cancer, a reassessment of the outcome of the screening studies has offered renewed hope that 
case finding with x-rays or screening in high-risk populations may be beneficial. The course and prognosis of cancer so identified has led to only a modest 
improvement in overall cancer mortality.27 This sad reality has called for new approaches to the identification of early lung cancer. 27

Sputum Cytology

Many years ago, Saccomanno perfected and championed the use of Papanicolaou staining of exfoliated bronchial epithelial cells to identify roentgenographically 
occult lung cancer. Saccomanno and others studied the evolution and development of progressive stages of dysplasia (mild, moderate, and severe) as a prelude to 
carcinoma in situ and invasive carcinoma.28,29 and 30 Squamous carcinomas tend to be central and exfoliate early. By contrast, adenocarcinomas, which are peripheral, 
do not exfoliate quite as readily. Peripheral adenocarcinomas may be more readily identified by newer imaging techniques (see following section). Sputum cytology 
has been considered the first step in the diagnosis of suspicious pulmonary shadows and nodules, and is less expensive in identifying the presence of malignancy, by 
far, than fiberoptic bronchoscopy, which is the gold standard for diagnosis today. Bronchoscopic procedures, of course, are appropriate for further confirmation of the 
histologic type of malignancy and staging. Newer fluorescence-intensified bronchoscopy increases the diagnostic yield in tiny tumors that are difficult to visualize by 
standard white light bronchoscopy. Sputum cytology is a logical first step in identifying malignancy, which could be further evaluated by invasive techniques.

RESULTS OF SCREENING FOR EARLY LUNG CANCER

Although early-stage lung cancers clearly have a better prognosis than more advanced stage tumors, this outcome may be partly a reflection of innate tumor biology. 
In other words, the more indolent tumors may spend more time in early-stage disease than do more aggressive tumors. Intensive screening efforts would then be 
expected to discover biologically more aggressive tumors at an apparently early stage, and stage-specific survival would then decrease. Several reports of outcomes 
from relatively small series in which an effort to diagnose early-stage lung cancer was made demonstrate excellent survival, which would not be the case if screening 
were ineffective for this reason.

United States

Pulmonologists working in a modest-sized rural community hospital in western Colorado (St. Mary's in Grand Junction) sought to identify cancer based on clinical 
clues or other risk factors. In this community, 51 consecutive patients with roentgenographically occult lung cancer were identified. 31 Forty-three men and eight 
women were identified between the ages of 46 and 81 (mean age 64.2); all but two were smokers. Whether or not environmental tobacco smoke could have played a 
role in the two nonsmokers is not known. Thirty-nine of these patients were smokers with symptoms of cough, increasing dyspnea, family history, or an x-ray lesion 
that appeared to be a healed scar. Patients with hemoptysis were not included in this series because hemoptysis is a known sentinel sign and symptom for lung 
cancer. Twelve cancer patients were screened based on occupational risks, with eleven having had significant uranium mining experience at a time when uranium 
was mined on the Colorado plateau. One was an asbestos worker.

In this study, sputum cytology revealed either carcinoma in situ or invasive carcinoma in some of the patients. Establishing the source of these abnormal cytologic 



findings by fiberoptic bronchoscopy was the next step. Thirty-one cancers (61%) were found on the first biopsy. Additional biopsies were required for confirmation of 
cancer, with two bronchoscopies required in eight cases (17%), three in another eight cases (17%), and more than three in three patients. Thus the knowledge of lung 
cancer, as demonstrated by sputum cytology, urged the physicians in their bronchoscopic approaches to confirmation, preparatory to surgery or other therapies. In 
this series, 86% were squamous carcinomas, 6% were adenocarcinomas, 4% were large cell carcinoma, and 4% were undifferentiated carcinoma. This histologic 
destruction reflected the fact that squamous carcinomas are central and tend to exfoliate early. As revealed in the study, sputum cytology does not identify all patients 
with adenocarcinoma. The cancer stage was in situ in 7 (14%), stage I in 38 (74%), and stage II or stage II-A in 2 (4%). Thus only four (8%) patients were at a stage 
precluding a surgical cure. Twenty-seven of the patients received curative surgical therapy. Their outcome is presented in Figure 22.2. Only three patients had died of 
cancer at 5 years. Total mortality was only nine patients. Nineteen additional patients were candidates for ablative radiation therapy. Taken together, both surgical 
and radiation treatments resulted in a much better lung cancer survival rate, with only 9 deaths at 5 years, and total mortality of 21 deaths in 5 years ( Figure 22.3). 
This result is far better than in cancers identified either accidentally or on the basis of symptoms, where the overall cancer mortality rate is approximately 85% at 5 
years.

FIGURE 22.2. Survival predictions based on actuarial experience of the 27 patients who received resectional surgery for cure (Kaplan-Meier life table method). Both 
cancer deaths and deaths from all causes are listed. Circles indicate time of death. Vertical lines indicate survival at the time of original report. (From Bechtel JJ, 
Kelley WR, Petty TL, et al. Outcome of 51 patients with roentgenographically occult lung cancer detected by sputum cytologic testing: a community hospital program. 
Arch Intern Med 1994;154:975, with permission.)

FIGURE 22.3. Actual survival in all 46 patients who received treatment with expectation of cure (27 surgery and 19 by radiation; Kaplan-Meier life table method). Both 
cancer deaths and deaths from all causes are included. Circles indicate time of death. Vertical lines indicate survival observation at the time of original report. (From 
Bechtel JJ, Kelley WR, Petty TL, et al. Outcome of 51 patients with roentgenographically occult lung cancer detected by sputum cytologic testing: a community 
hospital program. Arch Intern Med 1994;154:975, with permission.)

Japan

The results of surgical treatment for roentgenographically occult bronchogenic squamous cell carcinomas has also been reported to be excellent. 32 Ninety-four such 
patients received surgical resection. The survival over 5 years is presented in Figure 22.4 and Figure 22.5. A total of seven patients with a subsequent primary cancer 
had surgical resection with no recurrence after the second operation. Two deaths from lung cancer occurred. These favorable results included an 80.4% survival rate 
at 5 years, including deaths from all causes, and a 93.5% survival rate considering only lung cancer deaths. Although subsequent primary cancers remained a 
challenge, the reliability of sputum cytology to identify the presence of roentgenographically occult lung cancer was exceedingly good. 32

FIGURE 22.4. Survival probability of patients with resected roentgenographically occult bronchogenic SCC (time of death from lung cancer).

FIGURE 22.5. Survival probability of patients with resected roentgenographically occult bronchogenic SCC (time of death from all causes).



Scandinavia

The long-term survival of patients with lung cancer from a defined geographic area in Sweden, before and after radiologic screening, showed a much better survival 
with carcinoma identified with semiannual screening, compared to when it was identified following symptoms. 33 Combined survival at 4 years was 41.7%, compared to 
10.3% for those discovered by symptoms (P < 0.001). Thus it seems certain that the early identification of lung cancer, either roentgenographically or by sputum 
cytology, will identify patients with early-stage carcinoma who are suitable for curative therapy, either by surgery or by radiation therapy.

A PRAGMATIC APPROACH TO SCREENING IN HIGH-RISK POPULATIONS

Because heavy smokers (i.e., those with airflow obstruction) and symptomatic patients are most apt to develop lung cancer, a systematic approach to stratified 
screening has been proposed. 34 This approach has resulted in the development of two simple algorithms, by which it was proposed that a high yield of lung cancer 
could be obtained in a targeted population ( Figure 22.6 and Figure 22.7). That this approach can result in a relatively high yield of occult lung cancer was shown in a 
study of 613 patients, where sputum cytology was obtained at home, with mall-in specimen containers. 35 Five carcinomas in situ and six invasive carcinomas, both 
squamous and adenocarcinoma, were identified (Table 22.2). Three patients with severe atypia can also be considered to have pre- or early-stage carcinoma. Thus 
the yield in smokers of 30 pack-years or more with airflow obstruction is well above the yield of other screening tests for lethal malignancies such as breast cancer, 
where the overall yield is approximately 0.23% in women age 50 to 54 to 0.48% in women 75 to 79 years. 36 Interestingly, four more carcinomas have already been 
identified in the group with only moderate atypia. At this writing, the entire cohort is being followed to identify the final yield that will occur in the targeted population of 
heavy smokers with associated airflow obstruction.

FIGURE 22.6. Algorithm to assist in the determination of level of risk of lung cancer of smokers versus non-smokers. Assumes no additional risk; for example, 
asbestos exposure, uranium mining, chloro methyl ethyl ether exposure, or family history of lung cancer.

FIGURE 22.7. Practical diagnostic approach to lung cancer.

TABLE 22.2. RESULTS OF SPUTUM CYTOLOGY IN HIGH-RISK PATIENTS

Peripheral lung cancers, which are most often adenocarcinomas, can be readily identified by spiral CT scans, which can be completed in 15 seconds with a single 
breath hold. The dose of irradiation is similar to that associated with mammography. Screening trials for lung cancer utilizing low-dose spiral CT scans are currently 
underway.37,38 Recently, a new mobile CT scanner unit has been used in a population-based study that involved mass screening for lung cancer in Japan. 38 Five 
thousand, four hundred eighty-three people between 40 and 74 years old volunteered. This program was promoted by public announcements by local governments 
and by leaflets. For comparison, two control groups, from the annual general health survey (n = 10,966), were matched by sex and age within 2 years, and included 
the smoking habits for smokers of at least 30 pack-years. Of the 5,483 participants, 3,967 underwent CT scans and photofluorography. This group included 64% men 
and 36% women. Nineteen patients were diagnosed as having lung cancer (0.48%), which is significantly higher than previous standard mass assessments done in 
the same area. CT missed one case that was found solely on the basis of sputum cytology. Several clinically significant benign lesions were also identified in the 
study.

Among the 19 patients in whom the workup showed lung cancer, 18 had surgery and one refused surgery but later developed metastasis. The most frequent cell type 
was adenocarcinoma. Of the 19 patients, 16 were stage I and three were stage IV. It is a fact that the mini-photofluorography had shown no evidence of cancer in 18 
of the 19 patients. It should be pointed out that this trial was done in rural Japan where the rate of lung cancer is reported to be low (i.e., only 30 to 50 cases expected 
per 100,000 in population). The authors found the CT identified almost 10 times as many cancers as were identified by standard mass screening previously done. 
This study strongly suggests that CT scanning may replace chest x-rays in early case finding or in screening of high-risk populations.

Most recently, the results of the Anti-Lung Cancer Association screening program were presented. From 1975 to 1993, 26,338 examinations with chest x-rays and 
sputum cytology were performed, with a detection rate of lung cancer at 0.16%. When low-dose spiral CT examinations were added from 1993 to 1998, 35 lung 
cancer cases were found in 9,452 (0.37%) examinations. Moreover, this translated to a 3-year survival of 83% from 1993 to 1998 compared to 56% in the former 



period.39

The results of the Early Lung Cancer Action Project (ELCAP) have been reported 40 and are complementary at the Japanese data. ELCAP was designed to evaluate 
baseline and annual repeat screening by low-radiation-dose computed tomography (low-dose CT) in people at high risk of lung cancer. One thousand symptom-free 
volunteers, 60 years or older, with at least 10 pack-years of cigarette smoking and no previous cancer, who were medically fit to undergo thoracic surgery were 
enrolled. Chest radiographs and low-dose CT were done for each participant, and noncalcified pulmonary nodules were investigated using short-term high-resolution 
CT follow-up for the smallest noncalcified nodules. Noncalcified nodules were detected in 23% of the participants by low-dose CT at baseline, compared to 7% by 
chest radiography. Malignant disease was detected in 2.7% by CT and 0.7% by chest radiography. Of the 27 CT-detected cancers, 26 were resectable. Biopsies were 
done on 28 of the 233 participants with noncalcified nodules; 27 had malignant noncalcified nodules and one had a benign nodule. No participant had thoracotomy for 
a benign nodule. These data point to the utility of low-dose CT in detecting small noncalcified nodules, which could prove to be lung cancer at an earlier and 
potentially more curable stage. Plans are under way for a multicenter national trial to verify these results.

DEVELOPMENT OF MOLECULAR APPROACHES TO EARLY LUNG CANCER DETECTION

Development of new approaches to identify lung cancer in sputum is being pursued. Sputum, bronchial washings, and bronchoalveolar lavage fluid are complex 
specimens containing a wide variety of soluble and cellular components, only a portion of which are epithelial derived. Novel techniques to derive epithelial 
cell–enriched specimens from sputum are being developed.41 Computerized image analysis of Feulgen-stained exfoliated cells has shown significant promise in 
improving diagnostic capabilities. 41 Encouraging reports of increased sensitivity of monoclonal antibodies for detecting malignant cells in sputum have not been 
duplicated by additional groups, but further development of this assay is underway. 41,43 Several additional novel markers are under evaluation (see also Chapter 23), 
including mutation detection targeted at p53 and ras genes. In addition, DNA methylation is often aberrant in lung tumors, 43 and a polymerase chain reaction–based 
method of methylation detection has recently been applied to sputum. Although considerable excitement, has been generated regarding the application of molecular 
markers to the early detection of lung cancer, none of the tests developed to date are currently ready for large-scale application. Prior to applying any molecular 
marker to early detection of lung cancer, test characteristics, such as reproducibility (both within a laboratory and between laboratories) sensitivity, and specificity 
when tested in appropriate disease and control groups, need to be determined.

In addition to early detection, molecular markers have a high potential to achieve clinical application to identify high-risk individuals in whom other screening 
techniques might be applied for surveillance. 45 Several genetic aberrations have been described in the respiratory epithelial cells of lung cancer patients and current 
or ex-smokers without lung cancer,46,47 p53 mutations affecting nonmalignant respiratory epithelial cells have only rarely been described in individuals without lung 
cancer and might define a group of smokers at extremely high risk for the development of cancer. 48 (see also Chapter 6) Loss of heterozygosity of chromosomes 3p 
and 9p can be found in most smokers studied to date and might therefore be a less attractive risk marker (see also Chapter 23, Chapter 28).46,47 Either specific 
combinations or the total number of mutations detectable in respiratory epithelium may be prognostic.

A panel of biomarkers instead of a single marker will likely be required to identify occult lung cancer. The cancer gene marker may be present in exfoliated cells, 
which appear morphologically normal. This marker is an important new area of outcomes research, which could lead to algorithms that may increase the efficiency 
and reduce the cost of case finding or screening. 49,50

ADVANCED IMAGING TECHNIQUES

Recently, F-fluorodeoxyglucose PET scanning has revealed a high degree of sensitivity and specificity in lung cancer identification, 51,52,53 and 54 with positive predictive 
values greater than 90% and negative predictive values approaching 100%. The finding of a metabolically active nodule is highly indicative of malignancy. 51 
Whole-body PET scanning can be used in the staging of non–small cell cancer 54 (see also Chapter 30).

ENHANCED BRONCHOSCOPY TECHNIQUES

The best outcome in lung cancer management is treatment when the lesion is discovered in preinvasive stages. However, the intraepithelial neoplastic lesions are 
somewhat difficult to localize by conventional white light bronchoscopy, particularly if the bronchoscopist is not highly experienced in searching for subtle changes 
that may indicate lung cancer, as was the case in the Grand Junction Study. 31

Autofluorescence bronchoscopy was introduced to detect high degrees of dysplasia or in carcinoma in situ55,56 (see also Chapter 23, Chapter 24). Conventional white 
light bronchoscopy uses illuminated light that is reflected backscattered absorbed, but it does not induce tissue fluorescence, a process known as reflectance imaging.
 The tissue autofluorescence is not visible to the unaided eye because the intensity is low and obscured by the backscattered light. With suitable instruments, 
however, the autofluorescence reflected to create an image, which indicates a high likelihood of malignancy. 56 In a recent study, autofluorescence bronchoscopy, 
when used as an adjunct to standard white light bronchoscopy, enhanced the bronchoscopist's ability to localize small, subtle lesions, which were often malignancies, 
that were confined to the epithelium (i.e., in situ or preinvasive).57 It is virtually certain that a cure of these lesions with surgery, radiation, and/or laser therapy will be 
likely. In addition, a novel new therapeutic approach, photodynamic therapy, may also achieve a cure for in situ and stage I carcinoma.58,59 Fluorescent bronchoscopy 
can be used in surveillance of subsequent carcinomas and sputum markers, either molecular or cytomorphologically, which suggest a second or recurrent lung 
cancer. Surveillance employing malignancy-associated changes (MACs) is also under study as a method of detecting small peripheral adenocarcinomas and as an 
indication of lung cancer recurrence. 60,61

A NEW, EXCITING APPROACH TO THE EARLY IDENTIFICATION OF LUNG CANCER

Individual cases of lung cancer must be diagnosed on the basis of clinical suspicion, bolstered by the necessary technology to prove presence and location and to 
determine the histologic type of malignancy. Suspicion must be based on smoking histories, family histories, occupational exposures, and symptoms. When a 
high-risk individual is identified (i.e., heavy smoking with any of the following: airflow obstruction, positive family history, additional carcinogenic exposures, or 
symptoms), systematic studies to identify the presence or absence of lung cancer seem reasonable, given the lack of currently available scientific information that 
attempts at early identification are not useful in this patient group. The algorithms shown in Figure 22.6 and Figure 22.7, although overly simplistic, may be useful in 
this regard. Either sputum markers of malignancy using cytomorphology or standard chest x-rays or CT scans will identify the presence of a premalignant or malignant 
lesion (sputum), or an airway or peripheral abnormality (CT imaging). The next step is to identify the site through white light bronchoscopy or if that modality is 
unrevealing, with fluorescent endoscopy. When the tumor is located, a biopsy should be performed, and staging should proceed thereafter.

The phenomena of MACs may add still another surveillance tool (see also Chapter 23).60,61 MACs are subtle alterations in the size, shape, or texture of the cell 
nucleus of nonmalignant exfoliated calls that appear to be a result of growth factors produced by nearby lung cancer cells. Their presence may be used in early 
identification or for surveillance of recurrent lung cancer. 60,61

Today, the main diagnostic focus should be on early lesions that are amenable to cure. It is distinctly possible that early intraepithelial lesions can be dealt with by 
photodynamic therapy,58,59 or other methods such as electrocautery, cryotherapy, or thermoablation, with a YAG laser or brachytherapy. Indeed, the identification of 
premalignant lesions would expand the possibility of controlled clinical trials in chemoprevention, using the premalignant lesions as endpoints 62,63 (see also Chapter 
25).

Thus far, the growing problem of lung cancer, caused primarily by smoking, has eluded prevention, in part because of persistence of transformed epithelial cells lining 
the airways of aging former smokers. Recent studies have reported that similar numbers of new lung cancer cases arise from former smokers compared to current 
smokers.64

The continued seduction of 3,000 teenagers daily into the bondage of tobacco addiction with advertising financed by a tobacco industry bent on sustaining its 
economic success unfortunately ensures that lung cancer will remain a major clinical problem for many years, even if all recruitment of new smokers were to stop 
immediately. The growing tobacco epidemic has created the most vexing and recalcitrant cancer of our time. With tobacco smoking out of control in large countries 
such as China, we face a true global disaster. These frightening realities pose an immense challenge to clinicians and scientists who aim to reduce the socioeconomic 



impact of lung cancer as we approach the new millennium.
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Lung cancer is the most frequent cause of cancer deaths in both men and women in the United States, 1 and tobacco smoking is accepted as the number one cause of 
this devastating disease. 2 Lung cancer is classified into two major clinic-pathological groups, namely small cell lung carcinoma (SCLC) and non–small cell lung 
carcinoma (NSCLC).3 Squamous cell carcinoma, adenocarcinoma, and large cell carcinoma are the major histologic types of NSCLC. 3 Large cell carcinoma probably 
represents poorly differentiated variants of the other NSCLC types. 3

As with other epithelial malignancies, lung cancers are believed to arise after a series of progressive pathological changes (preneoplastic lesions). 4 Many of these 
preneoplastic changes are frequently detected accompanying lung cancers 5 and in the respiratory mucosa of smokers.6 Although many molecular abnormalities have 
been described in clinically evident lung cancers, 7 relatively little is known about the molecular events preceding the development of lung carcinomas and the 
underlying genetic basis of tobacco-related lung carcinogenesis. The risk population for targeting early detection and chemoprevention efforts to has been defined as 
current and heavy smokers, and patients who have survived one cancer of the upper aerodigestive tract. However, conventional morphologic methods for the 
identification of premalignant cell populations in the airways have limitations. This has led to a search for other biological properties of respiratory mucosa that may 
provide new methods for assessing the risk of developing invasive lung cancer in smokers, for early detection, and for monitoring their response to chemopreventive 
regimens. These markers (also referred as “intermediate markers”) include genetic abnormalities in bronchial epithelial cells.

Less than 15% of patients with lung cancer today will survive their disease. 8 Survival of patients with advanced disease has not improved significantly over the last 
three decades.9 Essentially, the only patients who achieve long-term survival are those with stage 0 or stage I disease. The five-year survival for patients with stage 0 
disease is more than 90%.9 Unfortunately, patients with stage 0 disease constitute only a minority of the lung cancer population; 10 less than 0.6% of patients with lung 
cancer are currently diagnosed at this stage because these small cancers do not usually produce any symptoms.

Examination of the age-standardized mortality rate for all cancers shows an interesting difference between men and women. 11 While the overall cancer mortality rate, 
has remained relatively unchanged among men in the last two decades, there has been a gradual decline in the mortality rate among women. This is thought to be 
due to improvements in the detection of preinvasive lesions by means of the Papanicolaou (Pap) smear for cervical cancer 12 and screening mammography for breast 
cancer,13 followed by the subsequent removal of these lesions. The success of screening in these tumor sites offers hope that a similar strategy may also lead to a 
reduction in lung cancer mortality.

Sputum cytology examination is currently the only noninvasive method that can detect early lung cancer and premalignant lesions. Preinvasive and microinvasive 
cancers that are found by sputum cytology examination are very amenable to curative treatment such as surgery, 14,15 laser hyperthermia with the Nd:YAG laser,16 
cryotherapy,17 electrocautery,18 or photodynamic therapy with porfimer sodium (Photofrin).19 Unfortunately, enthusiasm for the use of sputum cytology as a technique 
for early detection of lung cancer has been dampened by the negative screening studies in the 1970s, which failed to show a survival benefit. 20,21,22,23 and 24 However, 
the reasons why sputum cytology as practiced two decades ago fails to be the equivalent of the Pap cervical smear need to be examined critically in order to 
understand how modern methods can improve the usefulness of exfoliated sputum cells as an early detection tool.

SPUTUM CYTOLOGY EXAMINATION

Since the 1930s, sputum cytology examination has been used for the diagnosis of advanced and early lung cancer. 20,21,22,23,24,25,26 and 27 The range of sensitivity varies 
from 20% to nearly 100%. In screening studies, the sensitivities are usually in the 20% to 30% range, while the higher numbers are from studies in patients with 
invasive lung cancer. The average sensitivity and specificity from a review of the literature was 64.5% and 97.9% respectively. 28 There is no obvious trend of 
improvement in the sensitivity of sputum cytology between 1940 to 1990, as one might expect with better experience and training. One possible obstacle to improving 
the sensitivity of sputum is the present classification system. The present system is based upon years of careful observation of patients who developed lung cancer 
and is derived partially from similar observations in uterine cervix. Individuals are trained to recognize abnormal cells and place them into discrete categories. These 
categories are often based upon subjects who developed lung cancer and are divided into seven categories: (a) normal, (b) squamous cell metaplasia, (c) squamous 
cell metaplasia with mild atypia, (d) squamous cell metaplasia with moderate atypia, (e) squamous cell metaplasia with marked atypia, (f) carcinoma in situ, and (g) 
invasive carcinoma.4 Although based upon extensive observation and with reasonable correlation to histology, there is considerable interobserver variation in the 
diagnosis. The agreement is good for the normal and invasive carcinoma categories but poor for the intervening categories. 4,29 Among the reasons for the 
interobserver variability in classifying specimens is that observers place emphasis on different cellular features. This may also account for the difference in the 
reported spontaneous regression rate of preinvasive lesions, which vary from 20% to 80% for marked atypia. 30,31

Another reason for the low sensitivity of sputum cytology in previous screening studies may lie in the selection of loose enrollment criteria. For example, in the NCI 
Early Lung Cancer Cooperative Group study, the inclusion criteria were 45 years of age and smoking at least one package of cigarettes daily at the time of enrollment 
or within the previous year. 20 Using a stricter smoking history (greater than or equal to 40 pack-years) and the addition of airflow obstruction (FEV 1 per FVC less than 
70%) as another enrollment criteria, Kennedy and coworkers recently reported that 0.9% of their patients with chronic obstructive pulmonary disease were found to 
have carcinoma in situ; invasive cancer was found in another 0.9%.32 This detection rate is much higher than the 0.2% to 0.3% in the NCI prevalence screening study.

Other factors were found to influence the sensitivity of sputum cytology examination. The yield is highest in those with squamous cell carcinoma and lowest in 
adenocarcinoma.31 The location of the tumor and the size of the lesion are also important. The yield is higher for tumors that are located centrally or in a lower lobe 
and with lesions that are greater than 2 cm in diameter.33,34 The yield is lower for peripheral tumors and for lesions in the upper lobe or those that are smaller than 2 
cm. For example, in a screening setting in subjects with predominantly small peripheral cancers detected by spiral CT, only 11% of the lung cancers were detected by 
sputum cytology examination alone, with another 15% detected by both methods. 35

NEWER DETECTION METHODS USING SPUTUM CELLS



To improve the sensitivity of sputum test as a population screening tool for the detection of early lung cancer, three approaches are currently under development: 
immunostaining of transformed epithelial cells, polymerase chain reaction (PCR)-based assays to detect oncogene mutations, and computer-assisted image analysis 
of exfoliated sputum cells.

A nuclear ribonucleoprotein—hnRNP A2/B1—was found to be overexpressed in most lung cancer cell types as well as transformed epithelial cells. 36,37 In a 
retrospective study using sputum specimens that were collected during the Johns Hopkins Lung Project, 64% of the subjects whose sputum samples showed 
moderate atypia and positive immunostaining for hnRNP A2/B1 developed lung cancer on follow-up while 88% of those with negative immunostaining did not. 38 The 
sensitivity increased to 91% with no change in the specificity if the sputum specimens were limited to those that preceded the clinical appearance of lung cancer by 
less than two years.

Two prospective studies were carried out to evaluate hnRNP A2/B1 overexpression for the detection of preclinical lung cancer: one in patients with completely 
resected stage I lung cancer and the second among tin miners in China. 37,39 At the end of the first year of follow-up, the positive predictive value of hnRNP 
overexpression in sputum cells was 67%. The sensitivity and specificity for predicting the development of second primary lung cancer were 77% and 82% 
respectively. For the development of primary lung cancer, the corresponding figures were 82% and 65% respectively among the tin miners.

PCR-based assays can detect one mutant-containing cell among an excess of 100,000 normal cells. 40,41 and 42 A retrospective study in ten patients with 
adenocarcinoma—eight with K-ras mutation and two with p53 mutation, eight showed an identical mutation in the sputum cells one to 13 months prior to clinical 
diagnosis.40 These mutations were absent in samples from control subjects without lung cancer and those that were collected more than 24 months prior to diagnosis. 
Another study using enriched PCR identified K- ras mutation in 47% of the sputum samples from patients with non–small cell lung cancer.43,44 and 45 However, 12.5% of 
the control subjects without lung cancer also carried this mutation. Because a given mutation is found in only a proportion of the patients with lung cancer and 
because these genomic alterations may also be present in a significant number of smokers without lung cancer, 46,47 the use of PCR-based assays to detect genetic 
mutations needs to be evaluated in a prospective manner in a large population of smokers with and without lung cancer. There are as yet no long-term follow-up 
studies to determine the risk of lung cancer when one or more of these mutations are found. Furthermore, for some mutations such as K- ras, a very limited number of 
mutations occur in human cancers.48 Such mutations can be readily detected by a wide variety of methods, including some highly sensitive ones. 49 In contrast, many 
different mutations have been described in the p53 gene, and methods to detect the wide range of mutations need to be utilized. 50

Immunostaining and PCR-based methods require the presence of premalignant or malignant cells (or DNA shed from these cells) for diagnosis. Preinvasive cancers, 
especially peripheral adenocarcinomas, typically do not exfoliate many cells into the bronchial lumen. The number of epithelial cells from the lower respiratory tract in 
an expectorated specimen is also influenced by the subject's performance and collection method. For example, a study by the Lung Cancer Early Detection Working 
Group showed that with sputum induction using hypertonic saline, 19.6% of the specimens from current smokers and 28.9% of the specimens from former smokers 
were unsatisfactory.51

The use of nongenetic changes in normal cells that are induced by the presence of malignant cells in the vicinity, such as malignancy associated changes (MACs), 52 
may overcome the problems discussed above. MACs refer to subvisual or nonobvious changes in the distribution of DNA in the nuclei of normal cells due to the 
presence of preinvasive or invasive cancer in the vicinity. These changes can be quantitated by computer-assisted image analysis. 53 In a study using bronchial 
biopsies taken from the opposite lung or from a lobe different from the primary tumor, MACs were found to be present in 86% of the normal-appearing specimen. 54 A 
retrospective analysis of sputum cytology slides that were collected during the Mayo Lung Project 55 revealed that MACs alone correctly identified 74% of the subjects 
who later developed lung cancer. Furthermore, the presence of MACs was found to precede clinical diagnosis by 12 months or more. The advantage of this approach 
is that the method is not dependent on the presence of malignant cells in the sputum, although the presence of atypical or malignant cells can improve the sensitivity 
of detection to over 90%.55

DETECTION OF PERIPHERAL LUNG CANCER

On a spiral chest CT, lesions as small as 1 mm can be seen. Despite this sensitivity, preinvasive lung cancers in the central airways are usually not detectable 
because these early lesions are only a few cell layers thick. 56,57 Chest CT however, may be better for the detection of tumors in the peripheral airways. Although spiral 
CT is several times more sensitive than standard chest x-ray, 58 lesions smaller than 10 mm that are discovered by this means present a diagnostic challenge. In one 
of the largest studies using CT detection of early lesions, 35,59 7% of patients found to have abnormal CTs required further investigations such as thin-section CT, and 
13% required biannual follow-up examinations. Lung biopsy procedures such as bronchoscopy, CT-guided fine-needle aspiration biopsy, or video-assisted 
thoracoscopy was performed in only 3% of the subjects for tissue diagnosis. Of those that had a lung biopsy procedure, approximately 10% turned out to have a 
nonmalignant lesion. The use of molecular markers or MAC in exfoliated sputum cells to improve the diagnostic accuracy of chest CT needs to be investigated further. 
Newer studies incorporating helical CT are discussed in Chapter 22.

FLUORESCENCE BRONCHOSCOPY FOR LOCALIZATION OF EARLY LUNG CANCER

Only 30% to 40% of carcinoma in situ are visible to an experienced endoscopist on conventional white-light bronchoscopy. 57 A new development in bronchoscopic 
localization of intraepithelial neoplastic lesion is fluorescence bronchoscopy. 60 When the bronchial surface is illuminated by light, the light can be reflected, 
back-scattered, absorbed, or induce tissue fluorescence. Conventional white-light bronchoscopy makes use of the first three optical phenomena. The tissue 
autofluorescence is not visible because the intensity is very low and overwhelmed by the background illuminating light. However, with suitable instrumentation, the 
tissue autofluorescence can be made visible to enhance our ability to localize areas of intraepithelial neoplasia in the tracheal bronchial tree.

When the bronchial surface is illuminated by violet or blue light (400 to 440 nm) normal tissues have significantly higher fluorescence intensity compare to dysplastic 
lesions or carcinoma in situ, especially in the green region of the emission spectrum. 61 There are several reasons for the decrease in autofluorescence in 
precancerous and cancerous tissues.62,63 The major portion of the fluorescence signal comes from the submucosa. A decrease in the extracellular matrix in the 
submucosa, such as from the secretion of cancerous tissues64 will result in a decrease in the amount of fluorophores or the quantum yield of these molecules. 
Recently it was observed that the microvascular density is increased in dysplastic lesions and in situ carcinoma.65 Due to the increased absorption of the blue light 
and the fluorescent light by blood, the fluorescence intensity of these lesions is decreased. A third reason for the decrease in autofluorescence in dysplastic tissues 
and carcinoma in situ is the increase in thickness of the epithelial layer. 63 This thickening impedes transmission of the blue light to the submucosa and the fluorescent 
light from the submucosa to the bronchial surface. These effects are particularly pertinent to the green region of the autofluorescence spectra because the absorption 
characteristics of bronchial tissue and blood favor the absorption of green light. These differences in the autofluorescence property of normal, preneoplastic, and 
neoplastic tissues were used in the development of the lung imaging fluorescence endoscopy (LIFE) device for the detection and localization of intraepithelial 
neoplasia.66,67 The procedure is part of a standard fiber-optic bronchoscopy, except that the illuminating light is white, not blue, and a special camera is used. The 
fluorescence examination adds an average of ten minutes to the diagnostic bronchoscopic procedure under a local anesthetic.

Worldwide experience, including a recently completed multicenter trial in the United States and Canada, showed that the addition of the LIFE-Lung examination to 
conventional white-light bronchoscopy improved the sensitivity of detecting intraepithelial neoplastic lesions by severalfold. 68,69,70,71 and 72 (LIFE bronchoscopy is 
discussed further in Chapter 24).

NUCLEAR MORPHOMETRY OF BRONCHIAL BIOPSIES

A problem that is common to all early detection and chemoprevention programs is how to diagnose intraepithelial (preinvasive) neoplasia accurately and reproducibly. 
For example, a review of over 700 bronchial biopsies obtained in a multicenter early-detection clinical trial 72 by two experienced reference pathologists showed little 
disagreement in the interpretation of normal biopsies and invasive cancer but considerable disagreement about the preinvasive lesions. The classification by 
pathologists from different institutions agreed with those by the reference pathologists in only 34.8% of the biopsies. 73

The morphological criteria for the histopathology of intraepithelial neoplasia of the bronchus developed several decades ago 4,74,75 have not been critically examined, 
particularly in terms of reproducibility of the diagnosis and, more important, as a grading system that would reflect the biological behavior of these lesions. Recently, 
the Armed Forces Institute of Pathology in the United States pioneered an effort to define preinvasive lesions to be included in the new World Health Organization 



(WHO) classification. 76 However, the current histopathology classification does not lend itself to quantitative analysis readily.

In an attempt to overcome the problems of intra- and interobserver variation in the grading of intraepithelial neoplastic lesions, computer-assisted image analysis has 
been used to quantitate the morphometric changes in tissue sections. 77 Quantitative nuclear morphometry is performed in normal and invasive cancer biopsies in 
order to generate a morphometric index which separates these two groups. This index was tested on 377 bronchial biopsies ( Figure 23.1). This test set confirms the 
wide variation in the diagnosis of preinvasive lesions using conventional histopathology criteria. However, using quantitative nuclear morphometry, a morphometric 
index of 7.5 was found to separate the dysplasia groups from the carcinoma in situ and the invasive cancer group. An index of 2.66 was found to separate the biopsies 
that were graded as normal, hyperplasia, or metaplasia from the dysplasia biopsies. This method is highly reproducible ( Figure 23.1). A change in the absolute 
morphometric index of three or more represents a significant change. These results suggest that quantitative morphometric measurements may provide a better 
method to grade intraepithelial neoplastic lesions objectively.

FIGURE 23.1. Morphometric index reproducibility: correlation of morphometric index with pathology grade and index reproducibility. The boxes indicate the central 
50th percentile and the error bars show the central 95th percentile for each category.

OVERVIEW OF MOLECULAR ABNORMALITIES IN LUNG CANCER

Several cytogenetic, allelotyping, and comparative genomic hybridization (CGH) studies have revealed that multiple genetic changes (estimated to be between 10 and 
20) are found in clinically evident lung cancers and involve known and putative recessive oncogenes as well as several dominant oncogenes. 7

Dominant Oncogenes

Examples of abnormal dominant oncogenes in lung cancer are the ras family members (K-ras, H-ras and N-ras) (see also Chapter 4), the myc family members 
(C-myc, N-myc, and L-myc) (see also Chapter 5), and the HER-2/neu gene. ras mutations occur in approximately 20% of NSCLC, mainly in adenocarcinomas (90% 
involving K-ras gene at codon 12), while ras mutations have not been detected in any SCLC tumor or cell line. 7,78 Another example of a dominant oncogene in lung 
cancer would be overexpression of the myc family of genes, which occurs in nearly all SCLCs and in many NSCLCs. 79,80 and 81 Recent CGH studies have shown that 
lung cancer cell lines and tumor tissues demonstrate increased copy numbers consistent with amplification of underlying dominant oncogenes at several 
chromosomal regions, including 1p, 1q, 2p, 3q, 5q, 11q, 16p, 17q, 19q, and Xq. 82,83,84,85 and 86 Some of these regions, like 1p32 (L-myc), 2p25 (N-myc), and 8q24 
(C-myc), contain known dominant oncogenes, while in others, the genes need to be identified.

Recessive Oncogenes

The list of recessive oncogenes that are involved in lung cancer is likely to include as many as ten to 15 known and putative genes. 7 These include changes in TP53 
(17p13), RB (13q14), CDKN2 (9p21), and new candidate recessive oncogenes in the short arms of chromosome 3 (3p) at 3p12 ( DUTT1 gene),87 3p14.2 (FHIT 
gene),88,89 3p21 (BAP-1 gene), and 3p25 regions.7 Recessive oncogenes are believed to be inactivated via a two-step process involving both alleles. Knudson has 
proposed that the first “hit” is frequently a point mutation, while the second allele is subsequently inactivated via a chromosomal deletion, translocation, or other event 
such as methylation.90 Two key examples in lung cancer are the TP53 and the RB genes. Mutations of TP53 gene are very common in lung cancer, occurring in over 
90% of SCLCs and approximately 50% of NSCLCs.7 There is evidence that TP53 gene mutations occur in association with specific carcinogen exposure and that 
specific carcinogens predispose to specific mutations. Of interest, a coincidental mutational hotspot at the TP53 gene has been found between invasive lung 
carcinomas and adduct hotspots caused by benzo(a)pyrene metabolites derived from cigarette smoke. 91 Another well-documented genetic change that occurs 
frequently in lung cancer is that of the RB gene. In more than 80% of SCLCs and some 20% to 30% of NSCLCs the protein has been mutated, so it cannot fulfill its 
normal cell cycle regulatory function. 92,93 and 94

Many recessive oncogenes remain to be identified, although in most instances their chromosomal locations are known from cytogenetic and molecular analysis. Loss 
of heterozygosity analysis (LOH) using polymorphic microsatellite markers is frequently used to identify allelic losses at specific chromosomal regions, suggesting the 
involvement of other tumor-suppressor genes in lung cancer pathogenesis (see also Chapter 28).95 The chromosomal regions include 1q, 2q, 5q, 6p, 6q, 8p, 8q, 9q, 
10q, 11p, 11q, 14q, 17q, 18q, and 22q.95,96,97,98,99,100,101,102 and 103 Although several of these chromosomal arms contain known or candidate tumor-suppressor genes 
(such as MCC and APC at 5q21, TSCI at 9q34, WT1 at 11q13, DCC at 18q221, and NF2 at 22q12), these genes are not known to be mutated in lung cancer. 
Recently, two new candidate tumor-suppressor genes called PTEN/MMAC1104 and PPP2R1B,105 located at 10q23 and 11q22–24 respectively, have demonstrated 
frequent somatic alterations in lung cancer. 105,106

Tumor-Type-Specific Genetic Changes Are Found in Lung Cancers

Studies of large numbers of lung cancers have demonstrated different patterns of involvement between the two major groups of lung carcinomas (SCLC and 
NSCLC)95 and between the three major histologic types of lung carcinomas (SCLC, squamous cell carcinomas, and adenocarcinomas) (Wistuba et al., unpublished 
data).98,107 Thus genetic abnormalities in lung cancer can be classified into two groups; those that are common to all lung cancers and those that are associated with a 
specific histologic type of lung cancer. RB mutations are usually limited to SCLCs, CDKN2 mutations to NSCLCs, and RAS mutations to adenocarcinomas. Our 
published95,107 and unpublished results of allelotyping lung cancer cell lines and microdissected invasive primary tumors indicate that SCLCs demonstrate more 
frequent losses at 4p, 4q, 5q21 (APC-MCC region), 10q, and 13q14 ( RB), while losses at 9p21 and 8p21–23 are more frequent in NSCLCs. Of interest, is that we 
have found different patterns of allelic loss involving the two major types of NSCLC (squamous cell and adenocarcinoma), with higher incidences of deletions at 
17p13 (TP53), 13q14 (RB), 9p21 (CDKN2), 8p21–23, and several 3p regions in squamous cell carcinomas. These results suggest that more genetic changes 
accumulate during tumorigenesis in squamous cell carcinomas than in adenocarcinomas. These differences may be related to differences in tumorigenic mechanisms, 
such as etiologic factors (for instance, type and extent of smoking exposure), operating via separate pathways. In fact, different patterns of allelic losses 98 and TP53 
gene mutations have been reported in lung carcinomas arising in nonsmokers versus smokers. 108

PRENEOPLASIA AND THE DEVELOPMENT OF LUNG CANCER

Lung cancers are believed to arise after a series of progressive pathological changes (preneoplastic or precursor lesions) in the respiratory mucosa. 4 While the 
sequential preneoplastic changes have been defined for centrally arising squamous carcinomas, 4 they have been poorly documented for large cell carcinomas, 
adenocarcinomas, and SCLCs.3

Mucosal changes in the large airways that may precede or accompany invasive squamous cell carcinoma include hyperplasia (basal cell hyperplasia and goblet cell 
hyperplasia), squamous metaplasia, squamous dysplasia, and carcinoma in situ (Figure 23.2).4 Because all forms of lung cancers are strongly smoking-associated, 
the sequential preneoplastic changes associated with squamous carcinomas may also be present in adenocarcinomas and SCLCs. Hyperplasia of the bronchial 



epithelium and squamous metaplasia are extremely common reactive findings and occur in response to cigarette smoking 6,109 as well with a variety of other stimuli, 
such as chronic infection, asthma, and so on. These changes are reversible and are not, in the strict sense, truly premalignant. Squamous dysplasia and carcinoma in 
situ are the changes most frequently associated with the development of squamous cell lung carcinomas. 5 Because dysplasia and carcinoma in situ are seldom visible 
to the naked eye, their reported frequencies may be underestimated.

FIGURE 23.2. Sequential histologic and molecular changes during the multistage pathogenesis of lung cancer. Molecular changes occurring during lung cancer 
pathogenesis may commence early (normal or slightly abnormal epithelium), at an intermediate (dysplasia) stage, or relatively late (carcinoma in situ, CIS, or invasive 
carcinoma).

Adenocarcinomas may be accompanied by changes, including atypical adenomatous hyperplasia (AAH), 110 in peripheral airway cells, although the malignant potential 
of these lesions has not been demonstrated. However, lesions with AAH features are frequently detected accompanying adenocarcinomas, especially when a 
bronchioloalveolar carcinomatous pattern is seen at the edge of less differentiated adenocarcinomas. 110,111 The concept of the adenoma-carcinoma sequence as it 
applies to AAH and adenocarcinoma of the lung suggests there is a continuum from AAH to peripherally arising adenocarcinomas.

Bronchiolar neuroendocrine cell hyperplasia represents a proliferation of neuroendocrine cells in and around small airways. 112 Because of their association with 
peripheral carcinoid tumors, it has been suggested that they are precursors to the carcinoid tumors. 112 While no specific preneoplastic changes have been described 
for SCLC, smoking-related changes, including squamous dysplasia and carcinoma in situ, may be found in association with these tumors. 113

Currently available information suggests that lung preneoplastic lesions are frequently extensive and multifocal throughout the lung, indicating a field effect (“field 
cancerization”) by which much of the respiratory epithelium has been mutagenized, presumably from exposure to carcinogens. 114 Thus lung carcinomas may occur 
anywhere in the vast and anatomically complicated respiratory tree, including the peripheral lung, and second tumors are relatively frequent after one upper 
aerodigestive tract carcinoma.115

GENETIC ABNORMALITIES DURING THE MULTISTAGE DEVELOPMENT OF LUNG CANCER

Although our knowledge of the molecular events in invasive lung cancer is relatively extensive, until recently we knew little about the sequence of events in 
preneoplastic lesions. A few studies have provided suggestions that molecular lesions can be identified at early stages of the pathogenesis of lung 
cancer.40,116,117,118,119,120,121 and 122 MYC and RAS upregulation, cyclin D1 expression, p53 immunostaining, and DNA aneuploidy have been detected in dysplastic 
epithelium adjacent to invasive lung carcinomas. 121,123,124,125,126,127,128 and 129 KRAS mutations have been also detected in atypical adenomatous hyperplasia, 130 which 
may be a potential precursor lesion of adenocarcinoma. TP53 gene abnormalities (including mutations, deletions and overexpression) have been demonstrated in 
nonmalignant epithelium of lung specimens resected for lung cancer. 120,121 They also occur in the histologically normal and abnormal epithelium of smokers. 46,47 
Recently, Franklin and colleagues described an identical p53 gene mutation widely dispersed in normal and preneoplastic epithelium of a smoker without lung 
cancer.131

To further understand the sequential molecular changes involved in lung cancer pathogenesis, we have developed a scheme to search systematically for mutations in 
preneoplastic lesions and normal epithelium using archival paraffin-embedded materials ( Figure 23.3).132 Microsections from lung cancer resections and 
bronchoscopic biopsies containing preneoplastic lesions and normal respiratory epithelium are examined for the presence of genetic changes. Using a precise 
microdissection technique (micromanipulator or laser capture microdissection) 116,133 (see also Chapter 27) under direct microscopic observation, a variable number of 
cells from these areas are precisely isolated along with invasive primary tumor and stromal lymphocytes (as a source of normal constitutional DNA). Using PCR-based 
techniques, these different specimens are examined for point mutations and allelic losses at chromosomal regions frequently mutated or deleted in clinically evident 
lung carcinomas.

FIGURE 23.3. Schema outlining procedures for investigating molecular lesions in preinvasive lesions and invasive cancers of the respiratory tract. Top: 
representative example of microdissection of hyperplastic lesion. Bottom: molecular analyses of microdissected invasive carcinoma (T) and preneoplastic lesion (H). 
Normal lymphocytes (L) are used as source of constitutional DNA. Representatives examples of loss of heterozygosity (LOH) ( left); designed restriction fragment 
length polymorphism for K-ras mutation analysis at codon 12 (center); and sequencing of TP53 gene showing mutation at exon 5, codon 177 (right).

MUTATIONS FOLLOW A SEQUENCE

Our data have demonstrated that in lung cancer the developmental sequence of molecular changes is not random ( Figure 23.2), with LOH at one or more 3p regions 
(especially telomeric regions 3p21, 3p22–24, and 3p25) and 9p21, and to a lesser extent at 8p21–23, 13q14 ( RB), and 17p13 (TP53), being detected frequently very 
early in pathogenesis in histologically normal epithelium ( Figure 23.4).134 In contrast, LOH at 5q21 (APC-MCC region) and K- ras mutations were detected only at the 
carcinoma in situ stage, and TP53 mutations appear at variable times. Detailed examination of all our material suggests that the order of events (allelic losses) is 
usually either 3p®9p®8p or 3p®8p®9p deletions followed by TP53 deletions. In early lesions (normal epithelium to metaplasia), the 3p losses are small and 
multifocal, commencing at the distal half of the chromosomal arm. 134 In later lesions (carcinoma in situ and invasive cancers), all or almost the entire chromosome is 
lost.



FIGURE 23.4. Representative autoradiographs of microsatellite analyses for loss of heterozygosity (LOH) and microsatellite alterations (MAs) at four chromosomal 
regions of a lung squamous cell carcinoma case and its corresponding bronchial histologically normal epithelium and preneoplastic lesions ( left), and biopsy 
specimens representing a constellation of normal and premalignant areas from four smoker subjects. L and S, lymphocytes (as source of constitutional DNA); N, 
histologically normal epithelium; H, hyperplasia; D, dysplasia; C, carcinoma in situ; and T, invasive carcinoma.

Recent attention has focused on the FHIT gene at 3p14.2, a candidate tumor-suppressor gene for lung and other cancers, which spans FRA3B, the most common of 
the aphidocolin-inducible fragile sites (see also Chapter 8).89,135,136 We speculated that breaks at FRA3B destabilize the entire short arm of chromosome 3, leading to 
multiple deletions and loss of the entire arm. However, our data indicated that allelic losses at other more telomeric 3p regions (3p21, 3p22–24, and 3p25) appeared 
at earlier morphological stages than losses within and around the FHIT gene.134 This is in agreement with the recently published findings of loss of the Fhit protein 
expression (as demonstrated by immunostaining) from the dysplasia stage.137

Our data also indicate that different patterns of sequential deletions are detected in the pathogenesis of the major histologic types of lung cancers. Overall, more 
cumulative and earlier allelic loss at 9p21, 17p ( TP53), 13q14 (RB), and at different 3p regions are found in centrally arising SCLCs and squamous cell carcinomas 
than in peripheral adenocarcinomas (Wistuba et al., in preparation).

ACCUMULATION OF GENETIC CHANGES IN THE DEVELOPMENT OF LUNG CANCER

The development of epithelial cancers requires multiple mutations, 138 the stepwise accumulation of which may represent a mutator phenotype.139,140 Thus it is possible 
that those preneoplastic lesions that have accumulated multiple mutations are at higher risk for progression to invasive cancer. Of interest is that using a panel of 
microsatellite markers targeting chromosomal regions frequently deleted in invasive lung carcinomas, we have detected similar incidences of LOH between 
histologically normal epithelium and slightly abnormal epithelial changes (hyperplasia and squamous metaplasia) accompanying lung carcinomas, 134 indicating that 
the latter foci may represent reactive foci and are not at higher risk for progression to invasive carcinomas. However, high-grade dysplasias and carcinoma in situ 
accompanying invasive squamous cell lung carcinomas demonstrated a significant increase of total number of allelic losses, 134 suggesting that the accumulation of 
mutations correlates with the morphologic changes and may lead to development of invasive carcinomas (sequential theory of lung cancer development). In particular, 
the allelic loss patterns of carcinoma in situ lesions were identical or nearly identical to those present in the corresponding invasive carcinomas. 134 As some 
specimens of histologically normal or mildly abnormal epithelia, especially accompanying SCLCs, have demonstrated a very high incidence of allelic loss, equal or 
greater than that present in some high-grade dysplasia and carcinoma in situ samples, we suggest that, in some cases, especially SCLC, carcinoma in situ and 
invasive carcinoma may arise directly from histologically normal or from mildly abnormal epithelium without passing through the entire histologic sequence (parallel 
theory of cancer development).

Of great interest is that our detailed allelotyping analyses of chromosome arms 3p 134 and 8p141 during the multistage development of squamous cell carcinomas have 
demonstrated that the extent of the deletions increases with progressive histologic changes ( Figure 23.5). Thus in all squamous cell invasive carcinomas and 
carcinoma in situ lesions, most of the 3p and 8p arms were deleted, and in all patients the extent of the losses in carcinoma in situ and invasive carcinomas was 
greater that the 3p and 8p allelic losses found in the corresponding normal and preneoplastic foci.

FIGURE 23.5. Top: loss of heterozygosity (LOH) expressed in terms of the means of Fractional Allelic Loss (FAL) Index (i.e., fraction of microsatellite loci showing 
LOH in each epithelial sample) of chromosome 3p and 8p21–23 regions. Bottom: examples of allelotyping analysis at the chromosome 3p and 8p21–23 regions of 
normal epithelium and precursor lesions accompanying resected squamous cell carcinomas using eighteen 3p ( left) and eight 8p (right) microsatellite markers. �, No 
LOH; , lower allele lost;  upper allele lost. They demonstrate progression in the size of the chromosome 3p and 8p deletions in the invasive carcinomas and their 
accompanying normal epithelium and precursor lesions. Notice that the same allele is lost in preneoplastic, noninvasive, and invasive lesions. N, histologically normal 
epithelium; H, hyperplasia; D, dysplasia; CIS, carcinoma in situ; and T, invasive carcinoma.

Analysis of our data indicated that four patterns of allelic loss could be identified (negative; early; intermediate; advanced) in histologically normal epithelium and 
precursor lesions accompanying squamous cell lung carcinomas ( Figure 23.6).134 Histologically normal or mildly abnormal foci had a negative pattern (no allelic loss) 
or early pattern of loss, while all foci of carcinoma in situ and invasive tumor had an advanced pattern. However, dysplasias demonstrated the entire spectrum of 
allelic loss patterns and were the only histologic category having the intermediate pattern. These findings suggest that dysplasias represent a heterogeneous group of 
lesions at a molecular level. As only a fraction (10% of moderate dysplasia, 40% to 80% of severe dysplasias) are believed to progress to cancer, 30,142,143 molecular 
studies may aid in the identification of the subgroups of smokers with dysplasia who are at the greater risk of progression to lung cancer.



FIGURE 23.6. Top: patterns of loss of heterozygosity (LOH) observed in 12 lung squamous cell carcinomas and their corresponding histologically normal epithelium, 
preneoplasias, and carcinoma in situ lesions. ¡, No LOH; l, LOH. Bottom: relationship between histologic categories and patterns of LOH. Only dysplasias 
demonstrated the entire spectrum of patterns and were the only histologic category having the intermediate patterns.

Our findings demonstrate that despite similar smoking exposures, different pathways and genotypic changes are involved in the pathogenesis of the three major 
histologic types of lung carcinoma, namely SCLC, squamous cell carcinoma and adenocarcinoma. It appears that more allelic deletions accumulate during the 
tumorigenesis in centrally arising SCLCs and squamous cell carcinomas than in peripherally located adenocarcinomas. The findings of different patterns of LOH in 
the three major types of lung cancers are consistent with their different clinical characteristics.

LUNG CANCER PRECURSOR LESIONS REPRESENT OUTGROWTH OF MULTIPLE CLONES

Molecular analyses suggested that precursor lesions represented outgrowths of multiple clones, a finding compatible with the field effect theory. 144 Our recent 
analysis of 58 normal and noninvasive foci accompanying 12 invasive squamous cell carcinomas having one or more molecular abnormalities, indicated that 30 (52%) 
probably arose as independent clonal events, while 28 (48%) were potentially of the same clonal origin as the corresponding tumor. If the potentially clonal lesions 
are truly clonal in origin, subclonal drift 145 must have occurred as an early and widespread event, as only four foci (6%) (from two subjects) of 62 lesions had identical 
patterns of mutations. However, we cannot exclude the possibility that some other earlier molecular event (for which we did not examine) occurred in a single cell 
whose progeny were dispersed widely throughout the bronchial epithelium and subsequently gave rise to all of the foci we examined. If this event occurred, then 
subclonal drift145 must have occurred as an early and widespread event. In addition, our recent genetic analysis of the histologically normal or mildly abnormal 
(hyperplasia and squamous metaplasia) bronchial epithelium adjacent to invasive lung cancers indicated that multiple small clones of cells (up to 400) having identical 
pattern of LOH are frequently detected (Park et al., in preparation). These findings suggest that histologically normal bronchial epithelium and lung cancer precursor 
lesions having smoking-related genetic damage represent outgrowths of multiple small clones of genetically abnormal cells, a finding compatible with the field effect 
theory.

SIMILAR GENETIC CHANGES ARE DETECTED IN INVASIVE LUNG CANCERS AND THEIR PRECURSOR LESIONS

We and others have noted that the specific parental allelics lost in chromosomal deletions present in preneoplastic lesions and their accompanying cancers are 
similar (Figure 23.4 and Figure 23.5).116,117,121,134 We have referred to this phenomenon as allele-specific mutations (ASM). Others have noted ASM in advanced 
bronchial (severe dysplasias) lesions, 121 which are believed to be the immediate precursors of invasive cancers and which were located adjacent to centrally arising 
squamous cell carcinomas. We have detected ASMs in preneoplastic lesions located in all regions of the respiratory epithelium (bronchi, bronchioles, and alveoli) 
involving several differentiated cell types (mucous cells, metaplastic squamous cells, Clara cells, and type II alveolar pneumocytes). 116,117,134 In addition, we have 
detected this phenomenon in a wide spectrum of preneoplastic lesions, including hyperplasia, squamous metaplasia, dysplasia, and carcinoma in situ.116,117,134 Of 
great interest is that we have detected ASMs in smoking-related damaged epithelium, even in biopsy samples obtained from different lungs. 47

What is the mechanism by which ASMs arise? We have proposed two possibilities. First, the lesions could be clonal in origin: a single cell or small clone of cells 
develops loss or point mutations at a specific allele at one or more loci, migrates widely throughout the respiratory epithelium of both lungs, and eventually gives rise 
to a tumor. For the reasons stated above, this is highly unlikely. This possibility would require an unexpected fluidity of the bronchial epithelial cells or at least of those 
cells in which initial genetic changes arise. The second possibility is that in individuals, one of any pair of alleles has a greater tendency to be lost, perhaps as a result 
of some form of genomic imprinting or the presence of fragile sites, resulting in an inherited propensity to lose one of the two alleles.

However, some studies support alternative theories by which ASMs may arise. Multicentric development of lesions is supported by a study by Sozzi and associates of 
five patients with multiple lesions in their bronchial tree. The authors detected losses of different alleles of chromosome 3p regions and different mutations in the TP53
 and K-ras genes between invasive lung tumors and accompanying preneoplastic lesions. 119 In addition, as previously mentioned, Franklin and colleagues studied the 
entire bronchial tree of a smoker dying without lung carcinoma. 131 A single, identical point mutation, G-to-T transversion in codon 245, was identified in the bronchial 
epithelium from seven of ten widely dispersed bilateral epithelial tissues. The morphology of the involved sites varied from normal to squamous metaplasia to 
moderate dysplasia. These findings support the alternative theory that a single clone of cells can become widely dispersed throughout the respiratory epithelium. Our 
recent findings of the ASM phenomenon in lung cancer precursor lesions that appeared to be of independent clonal origin suggests that ASM occurs via an 
alternative mechanism.134 Whatever its mechanism, ASM is likely to be a phenomenon of major biological significance.

GENOMIC INSTABILITY IN THE PATHOGENESIS OF LUNG CANCER

In addition to the specific genetic changes discussed above, other evidence indicates that genomic instability occurs in lung cancer and its preneoplastic lesions. This 
evidence includes our finding of widespread aneuploidy throughout the respiratory epithelium of lung cancer patients. 126 Another molecular change frequently present 
in a wide variety of cancer types is microsatellite alterations (MAs) (also known as genomic alterations).

In hereditary nonpoplyposis colon cancer (HNPCC), inherited defects in DNA mismatch repair enzymes result in large-scale genetic instability, with the formation of a 
ladderlike pattern replacing the normal allele pattern. 146 Another form of microsatellite change, where only a single band of altered size is found, has been described 
in many forms of sporadic cancers, including lung cancer at frequencies of 0% to 45%). 147,148,149 and 150 We and others refer to these changes as microsatellite 
alterations.134,147,151,152 and 153 While the relationship of MAs to defects in the DNA repair mechanism has not been established, MAs probably represent evidence of 
some form of genomic instability.154 Because they arise in noncoding regions of the genome, they are not in the direct pathway of tumorigenesis. MAs represent 
changes in the size of polymorphic microsatellite markers compared to the normal germ line in individual persons. Nevertheless, MAs are attractive candidates for the 
early molecular detection of lung and other cancers. 147,152,155 Our data demonstrated the presence of MAs in a subset (50%) of lung carcinomas, 134,153 as well as in 
their accompanying preneoplastic lesions and normal appearing epithelium. 134 Unlike allelic losses, the frequency of MAs did not increase with more advanced 
histologic changes. Of interest is that MAs, when present in nonmalignant foci, were always of a different size from those present in the corresponding invasive 
tumors. These findings indicate either that the preneoplastic lesions are not clonally related to the corresponding tumors or that the MAs arose during subclonal 
evolution. The finding of MAs in exfoliated cells present in sputum 152 from cancer patients suggest that they may be markers for lung cancer or for subjects at 
increased risk of developing lung cancer.

TELOMERASE DYSREGULATION IN THE PATHOGENESIS OF LUNG CANCER

Telomerase is currently recognized as a nearly ubiquitous tumor marker. Telomerase is a specialized ribonucleoprotein polymerase that adds TTAGGG repeats at the 
ends of vertebrate chromosomal DNA called telomeres.156 Human telomeres undergo progressive shortening with cell division through replication-dependent 
sequence loss at DNA termini.157 Telomerase is thought to compensate for the loss of telomeric repeats and is associated with the acquisition of the immortal 
phenotype. A variety of immortal cell lines, malignant tumors, and testicular cells have been found specifically to express telomerase activity, 158,159,160 and 161 whereas 
most normal somatic cells do not express this activity.162,163 Most NSCLC and SCLC tumors are telomerase-positive (see also Chapter 9).159

Telomerase has been detected in preinvasive lesions in a number of tumor systems, including lung. 164 In the lung, low levels of telomerase activity have been 
detected in hyperplasia, dysplasia, and carcinoma in situ, compared to invasive cancer. While weak telomerase RNA expression is detected in basal layers of normal 
and hyperplastic epithelium from lung cancer patients, dysregulation of telomerase expression increases with tumor progression, with moderate to strong expression 
throughout the multilayered epithelium in metaplasia, dysplasia, and carcinoma in situ.164 Of interest, foci of intense telomerase upregulation are seen in carcinoma in 
situ lesions in the vicinity of the invasive component of lung cancers. In addition, similar patterns of dysregulation of telomerase expression with increasing histologic 
grade have also been noted in bronchoscopic biopsies of smoking-damaged epithelium of current and former smokers, suggesting that telomerase could be also used 
as a potential marker for risk assessment (Rahti et al, in preparation).



MOLECULAR MARKERS FOR EARLY DETECTION OF LUNG CANCER

Mutant K-ras and TP53 genes have been detected in the sputum some months prior to diagnosis of cancer, 40 and K-ras mutations have been detected in 
bronchoalveolar lavage fluids from patients with adenocarcinoma (56%) but not in patients with squamous cell carcinoma or with other diagnosis. 44 Recently, Ahrendt 
and co-workers165 have reported that molecular assays could identify cancer cells in bronchoalveolar lavage fluid from patients with early-stage lung cancers. Using 
PCR-based assays for K-ras and TP53 gene mutations, CpG-island methylation of the CDKN2 gene, and microsatellite instability, they were able to detect identical 
molecular abnormalities in the bronchoalveolar fluid and corresponding tumors in 23 of 43 (53%) of the cases. These findings suggest that molecular strategies may 
detect the presence of neoplastic cells in the central and peripheral airways in patients with early-stage lung carcinomas.

SMOKING-DAMAGED BRONCHIAL EPITHELIUM

It has been established that advanced lung preneoplastic changes occur far more frequently in smokers than in nonsmokers and increase in frequency with amount of 
smoking, adjusted by age.5,6 Although morphologic recovery occurs after smoking cessation, 5,166 elevated lung cancer risk persists. 167 Changes in bronchial 
epithelium, including metaplasia and dysplasia, have been utilized as surrogate end points for chemoprevention studies. 168,169 Risk factors that identify normal and 
premalignant bronchial tissue at risk for malignant progression need to be better defined. However, most of the molecular studies of lung preneoplastic lesions have 
been performed in material from small numbers of subjects with concurrent lung cancer, and only scant information is available about molecular changes in the 
respiratory epithelium of smokers without cancer. 46,47,121,122

Two independent studies describing genetic changes in bronchial biopsy specimens from current and former smokers have been reported. 46,47 Mao and colleagues46 
described their analyses of the LOH and histologic abnormalities present in biopsies from 54 current and former smokers and nine nonsmokers. In each of the current 
and former smokers, bronchoscopy biopsies from six preselected sites demonstrated histologic changes, including squamous metaplasia and dysplasia. In addition, 
LOH using three microsatellite markers at chromosomal region 3p14, 9p21, and 17p13 ( TP53) were used as surrogate markers of tumor-suppressor gene inactivation 
in the tissues. Although some differences were seen when the specimens of current smokers were compared with those of former smokers, allelic losses were 
surprisingly common in the nonmalignant lung epithelial tissue of both groups. Of the 76% of smokers who demonstrated allelic loss at one or more of the three 
chromosomal regions analyzed, deletions were detected in 75%, 57%, and 18% of the subjects at 3p14, 9p21, and 17p13 ( TP53), respectively.

Our results,47 which are in agreement with the above-described findings, also indicate that genetic changes similar to those found in lung cancers can be detected in 
nonmalignant bronchial epithelium from current and former smokers and may persist for many years after smoking cessation. In our study, multiple biopsy specimens 
were obtained from 18 current smokers, 24 former smokers, and 21 nonsmokers. PCR-based assays for fifteen polymorphic microsatellite DNA markers were used to 
examine eight chromosomal regions (3p14.2 at the FHIT gene, 3p14–21, 3p21, 3p22–24, 5q21 at the APC-MCC region, 9p21, 13q14 at RB, and 17p13 at TP53) for 
genetic changes (LOH and MAs). High frequencies of LOH and MAs were observed in biopsies from current and former smokers and no significant differences were 
observed between the two groups. Of great interest is that no molecular changes were detected in nonsmoking subjects. Among individuals who smoked, 86% 
demonstrated LOH in one or more biopsies and 24% showed LOH in all biopsies. Somewhat surprisingly, about half of the histologically normal epithelium showed 
LOH; however, the frequency of LOH and the severity of histologic changes did not correspond until the carcinoma in situ stage (Figure 23.7). A subset of the biopsies 
from smokers with either normal or preneoplastic histology showed LOH at multiple chromosomal sites, a phenomenon frequently observed in carcinoma in situ and 
invasive cancer. Our findings suggest that carcinoma in situ and other histologically normal and abnormal foci having multiple regions of allelic loss are at increased 
risk for progressing to invasive cancer. As has been observed in epithelial foci accompanying invasive lung carcinoma, 134 allelic losses on chromosome 3p and 9p 
were more frequent than deletions in chromosomes 5q21, 17p13 (TP53 gene), and 13q14 (RB gene).

FIGURE 23.7. Loss of heterozygosity (LOH) in individual biopsy specimens obtained from current and former smokers according to smoking status and histologic 
categories. LOH is expressed in terms of the fractional regional loss index by biopsy specimen (i.e., the fraction of chromosome regions showing LOH in each biopsy 
specimen, range 0 to 1). Horizontal bars indicate the mean for each histologic category.

All these findings suggest the hypothesis that identifying biopsies with extensive or certain patterns of allelic loss may provide new methods for assessing the risk in 
smokers of developing invasive lung cancer and for monitoring response to chemoprevention. As with all diagnostic tests, this concept will need to be validated in 
clinical trials.
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Light has been the subject of medical treatments since the ancient Greeks. 1 Raab first described the phenomenon in 1900 by documenting the death of paramecia 
with acridine and light,2 and Tappeiner coined the term “photodynamic therapy” (PDT). 3 Skin cancer was treated with eosin and light in 1903, 3 Hausman found in 1910 
that porphyrins, naturally occurring iron-or magnesium-free respiratory pigments present in the protoplasm of plant and animal cells, promoted photochemically 
induced cell death.4 In the late 1950s, hematoporphyrin derivative (HpD) was prepared by Lipson and Baldes 5 based on a personal recommendation by Dr. Samuel 
Schwartz that the tumor-localizing properties of crude hematoporphyrin may be improved by using the supernatant that results from the preparation of 
hematoporphyrin. HpD concentrated in squamous cell carcinomas and adenocarcinomas, 6 and Lipson was the first to report that endoscopic fluorescence could be 
observed in patients with endobronchial tumors using HPD as the sensitizer. 7 In 1966, Lipson and colleagues were also the first to report a therapeutic response in a 
patient with recurrent breast cancer using multiple sessions of PDT with HpD. 8 The tumor was not eradicated, but objective evidence indicated a cytotoxic effect. 
Ensuing studies by Dougherty and others explored the use of PDT in the treatment of various animal and human malignancies, 9,10,11,12,13,14 and 15 and in 1982, 
Hayata was the first to use HpD to treat endobronchial tumors using a fiberoptic bronchoscope. 16

PHOTODYNAMIC THERAPY: BASIC PRINCIPLES

PDT is based on the photochemical reaction that occurs when a sensitizing drug is exposed to light in the presence of oxygen. Absorbed light energy converts the 
sensitizer to an excited state, which in turn interacts with molecular oxygen to form singlet oxygen or oxygen-free radicals. Singlet oxygen is a powerful oxidizing agent 
that damages plasma membranes and other subcellular organelle ( Figure 24.1). PDT is of no value unless all three components of a photochemical reaction—light, 
oxygen, and sensitizer—are simultaneously present when treating disease.

FIGURE 24.1. Energy states and interaction of photosensitizing agents. Before exposure to light, a molecule of sensitizer is in the ground state. When a photon of the 
appropriate wavelength is absorbed, an electron is raised to a higher energy level. The molecule then rearranges to a stable excited state. At this point, there are two 
possibilities. The excited molecule can fluoresce, emitting a photon and dropping back to the ground state, or an intersystem crossing can change the spin of an 
electron. During the lifetime of the resulting triplet state, absorbed energy can be passed along to molecular oxygen in tissue, activating the oxygen molecule to the 
singlet state. Singlet oxygen can oxidize any oxidizable biologic molecule with which it is in contact. (From Kessel D. Photodynamic therapy. Sci Med 1998;5:46, with 
permission.) (See Color Figure 24.1.)

Components of Photodynamic Therapy

Light

Light is high-velocity energy transmitted in electromagnetic waves, which displays particulate characteristics by delivering energy in discrete measurable units called 
photons. The absorption of photons by a photosensitizer is the first reaction of a photodynamic system, and photochemical reactions can occur only if light is 
absorbed.17 The action spectrum of a sensitizer defines the rate of a photochemical reaction when the sensitizer is stimulated by a given wavelength of light and 
usually corresponds to the absorption spectrum of the sensitizer. The absorption spectrum of a sensitizer determines the wavelength of light, measured in nanometers 
(nm), which is used to achieve the maximum photodynamic effect, and generally falls within the visible light spectrum between ultraviolet (UV) and infrared (IR) light. 
Porphyrin sensitizers have an intense absorption band at the UV end of the spectrum called the Soret band, 17 which maximally excites a sensitizer. The energy of light 
is inversely related to its wavelength, with lower wavelengths delivering more energy. However, shorter wavelengths are attenuated by hemoglobin as they pass 
through tissue, and the depth of tissue penetration by light is also inversely proportional to wavelength ( Figure 24.2). Therefore, light at the infrared end of the 
spectrum penetrates much deeper into a tumor than UV light. Although stimulation of a porphyrin sensitizer with blue-violet light may result in more energy production, 
the tissue penetration of less than 1 mm is inadequate to treat malignancy. Therefore, PDT with porphyrin-based sensitizers is usually performed with 630 nm red light 
or higher wavelengths, which give tissue penetration of at least 10 mm.



FIGURE 24.2. The relative phototoxic effect of a sensitizer is a function of irradiation wavelength. Longer wavelengths penetrate tissue to a greater depth. (From 
Kessel D. Photodynamic therapy. Sci Med 1998;5:46, with permission.) (See Color Figure 24.2.)

The total energy delivered depends on the duration of light delivery and the dose-rate of light. The dose-rate, or power density, of light is usually expressed in 
mW/cm.2 In vitro, higher dose-rate delivery to tumor cells at a given total energy results in greater PDT cytotoxicity. 18 The relative inefficiency of PDT at lower 
dose-rates may result from the ability of tumor cells to repair sublethal damage or buffer toxic oxidative stresses.

Light Delivery

The appropriate method of light delivery for PDT depends on the experimental or clinical situation. An x-ray view box covered with a ruby red acetate filter can be 
used for in vitro PDT experiments,18 whereas an argon-pumped dye laser exciting either Kiton Red or rhodamine B producing up to 15 watts of red light or a less 
expensive diode laser or LED array will be used as a typical light source for PDT in the clinical environment. The light source is coupled to one or more fiberoptic 
cables used to convey light with minimal energy loss to the treatment field. The end of the cable is fitted with a tip designed to disperse light in a pattern appropriate 
for the clinical application. A cleaved tip projects light forward for treating flat surfaces, and a bulbous tip projects light in an isotropic spherical distribution for 
illuminating large cavities. A tip specially coated with cylindrical scattering material disperses light perpendicular to the axis of the fiber. This type of tip can be used 
for intraluminal applications, such as endobronchial PDT.

Oxygen

Although a few photodynamic systems are oxygen-independent, molecular oxygen is required to achieve cytotoxicity with porphyrin-based PDT. 19,20 PDT kills cells by 
selective destruction of essential molecules through photooxidative reactions via the production of singlet oxygen (see following sections). Several studies corroborate 
the importance of oxygen to photochemical systems. Using sodium dithionate to remove oxygen from the system, Lee showed that tumor cytotoxicity correlates 
directly with oxygen concentration. 20 Mitchell used a customized glass Petri system to demonstrate that cells treated in hypoxic conditions are extremely resistant to 
PDT.19 Similar studies have been performed in vivo. Gomer found that restricting the blood flow to the hind limb of albino mice inhibited the photosensitizing effects of 
porphyrin PDT.21 Although attempts to directly quantitate singlet oxygen in vivo have been unsuccessful,22,23 investigators have used transcutaneous oxygen-detecting 
electrodes to measure microcirculatory damage after PDT.24,25 This technology may one day be used to determine the clinical effectiveness of photochemical 
systems.

Photosensitizers

Maximal quantum yield of a photochemical system occurs with light wavelengths that correspond to the sensitizer's Soret band, which for porphyrin sensitizers such 
as Photofrin II (PII) is in the 400 nm region. The absorption spectra for PII is characterized by this absorption peak at 405 nm that stimulates fluorescence, enabling 
the chemical to act as a tumor marker. To balance maximal quantum yield with deepest tissue penetration, PDT is performed at higher wavelengths (more than 590 
nm) corresponding to minor peaks further along the absorption spectrum of the sensitizer. Under these conditions, PDT sensitizers generate singlet oxygen with 
quantum yield of 0.2 to 0.6 with tissue penetration up to 10 mm.

Uptake and retention of the porphyrin compounds has been studied in murine models. Levels are highest in the liver, adrenal glands, and urinary bladder, with lower 
levels declining in the following order: pancreas, kidney, spleen, stomach, bone, lung, heart, muscle, and brain. 26,27,28 In these animal models, intravenous injections 
result in higher tumor concentration than is obtained by intraperitoneal injections. In addition, these chemicals are heavily concentrated in phagocytic cells, lymphoid 
tissue, and regenerating tissues such as biopsy sites. Importantly, PII accumulates and is retained by vascular endothelium through the mechanism of endocytosis. 29 
In addition, PII appears to be associated predominantly with low-density lipoproteins, but some components are also bound to albumin. 30,31 Structural proteins, such 
as collagen, also may have an effect on the distribution of PII. Ultimately, the intracellular accumulation of these photosensitizers is the result of a complex relation of 
all of these factors, which include both vascular and cellular components. The serum half-life in humans is 20 to 30 hours, but the photosensitizing component is 
retained in the skin, at low levels, for up to 6 weeks. Other photosensitizing agents under investigation include chlorins, phthalocyanines, tetraphenylporphine sulfate, 
the texaphyrins, benzoporphyrins, and cationic sensitizers, such as Rhodamine-123. Some of these second-generation sensitizers have an increased quantum yield 
at longer wavelengths and have much shorter periods for skin photosensitivity. 32

Biophysical Basis for Photodynamic Therapy

Selective Retention of Photosensitizers

Selective retention of photosensitizer by malignant tissue is the central and most intriguing component of PDT. In 1948, Figge and colleagues 33 showed that crude 
hematoporphyrin was retained in tumors. In the 1960s, Lipson and colleagues 5,8,34,35 showed that HpD was retained by tumor tissue to a greater extent than crude 
hematoporphyrin. The measurements were based on fluorescence yield when tumor-containing HpD was irradiated with light of the appropriate wavelength. Since 
then, several investigators have demonstrated that both HpD and PII have a greater retention in tumor than in normal tissues by measuring fluorescence as a function 
of time after injection of the photosensitizer. However, the ratios of fluorescence within solid tumors versus various normal tissues varies widely. Overall, it appears 
that the tumor/normal tissue ratio is greater than 1 for PII 24 to 48 hours after intravenous injection in humans. However, some of the earliest work by Lipson and 
colleagues34 showed that malignant tissue fluoresced within three hours of intravenous injection, well before normal tissue began to fluoresce. In fact, the three-hour 
time interval has been used for the detection and localization of lung cancer. 36,37 For purposes of cancer therapy, a time interval of between 24 and 72 hours is 
commonly used.

The reasons that tumor tissues selectively retain PII are unknown. There are several theories, but the explanation is still a subject of ongoing research. In vitro cell 
culture studies show that both normal and cancerous cells concentrate the photosensitizers and are killed by PDT. Transformed and nontransformed cells have 
identical PDT survival curves. 38 Perry and colleagues39 found no differences in survival for thoracic cancer cells compared to normal lung fibroblasts during in vitro 
PDT experiments. This information would indicate that cancer and transformed cells do not selectively increase or retain photosensitizers in the in vitro situation. 
However, differences in in vivo retention of sensitizer between tumor and normal tissues have been demonstrated on numerous occasions. Selective retention within 
tumor tissue and cells may be related in vivo to a low pH found in tumors. Sensitizers are more soluble at low pH and, therefore, may be selectively retained. 
Neoplastic angiogenesis results in blood vessels with incomplete endothelium, which may have an increased permeability to porphyrin macromolecules. Increased 
concentrations of porphyrin have been noted along the vascular stroma of solid tumor tissue. The lack of normal lymphatic drainage could increase sensitizer 
concentration within tumor interstitial spaces. Proliferating cancer cells have higher levels of low-density lipoprotein receptors, which may facilitate the endocytosis of 
low-density lipoprotein-bound sensitizer components relative to normal tissues. Finally, macrophages and tumor-associated monocytes reconcentrate and retain 
photosensitizers within tumors. Intravenous injection of these photosensitizers leads to a higher uptake than that obtainable by intraperitoneal injection when tumors 
are located outside the abdominal cavity. On the other hand, Tochner and colleagues 40 found that intraperitoneal injection of HpD in an ovarian cancer ascites model 
resulted in higher therapeutic effect because there was no dependence on vascular delivery. Some components of photosensitizers, such as monomers, bind to 
albumin and globulin and are found to localize in the stroma of tumor tissue, whereas other components bind to lipoproteins. Albumin and high-density 
lipoprotein-bound components are not transported into the cell directly but are deposited on the cell membrane. Low-density lipoprotein-bound sensitizers appear to 
be transported into the cytoplasm quickly and accumulate in the lysosomal compartments.

Effects of Photodynamic Therapy in Vitro Cytotoxicity

A wide variety of cell lines show sensitivity to PDT. 2,39,41 and 49 Comparison of different lung cancer histologies reveals few real differences in the characteristics that 
influence PDT cytotoxicity, 39 and the survival curves for a variety of thoracic malignancies, including adenocarcinoma, squamous cell carcinoma, large cell carcinoma, 
small cell carcinoma, and mesothelioma, are quite similar. 39

The most impressive effect seen in vitro soon after cells are treated with PDT is damage to the plasma membrane.49,59 Membranes are the primary targets of PDT, 



partly because of the water-lipid partition coefficient of PII. Porphyrins bind initially to the plasma membrane, followed by migration to intracellular regions. In only a 
few hours after PDT, normal cellular movement stops and large membrane blebs form on the cell surface. 51 These large balloonlike structures, often as large as the 
cell itself, indicate severe membrane damage and are the first visible sign of photooxidation in the cell. 52,53 This disruption of the integrity of the plasma membrane 
results in leakage of intracellular contents out of the cell. 54,55 After membrane blebbing occurs, cell division comes to a halt and cell lysis begins. As alluded to earlier, 
PDT damages other membranes in addition to the plasma membrane. Because of these effects on cell membranes, PDT may injure the nucleus, lysosomes, Golgi 
apparatus, endoplasmic reticulum, and mitochondria. Mitochondrial damage after PDT may involve inhibition of oxidative phosphorylation and electron transport with 
subsequent reduction in ATP production.56,57 One cellular target that appears to escape serious damage by PDT is nuclear DNA. Although PDT can induce DNA 
strand breaks, this reaction does not lead to cell death. PDT does not appear to be mutagenic. 58

Resistance of cells to PDT may one day determine the clinical efficacy of PDT in cancer treatment. Several investigators have begun to examine the role of the 
multidrug resistance (MDR) phenotype in PDT resistance. In MDR associated with chemotherapy, a membrane pump actively transports drug out of the cell. 
Conceivably, this mechanism could transport photosensitizer out of the cell, thereby reducing the photodynamic effect at treatment. This process could become a 
particular problem when treating patients with combined chemotherapy-photodynamic therapy regimens. Similarly, patients who have previously failed chemotherapy 
might likewise develop cross-resistance to PDT. Studies comparing the sensitivities of cells that express MDR versus wild-type cells from the same cell line revealed 
no cross-resistance to PDT.59 Using cells made resistant to PDT by repeated exposure to PDT, investigators have shown that this resistance is not caused by 
decreased intracellular levels of sensitizer, the mechanism of action of classic MDR. 60,61 MDR may be associated with cross-resistance to PDT depending on the 
sensitizer used.62 A more plausible explanation for PDT resistance involves the mechanism of action of PDT. Buffering of toxic oxygen radicals by free-radical 
scavengers could explain the induced resistance of cells to PDT. Studies by Ryter have shown that PDT can enhance transcription and translation of oxidative stress 
genes.83 Many studies involving chemotherapy resistance have shown that free-radical buffering enzymes such as glutathione can protect cells against drugs that 
produce free radicals. Although no one knows how cells become resistant to PDT, mechanisms other than MDR are probably involved.

In Vivo Cytotoxicity

Flank tumors in mice regress completely by 2 days after treatment with PDT. Soon after PDT, blood flow stasis occurs in both arterioles and venules. 64,65 A vascular 
effect is one of the main components of tumor destruction with many of the presently investigated sensitizers. Vasoconstriction of arterioles, thrombosis of venules, 
and edema of perivascular tissues accompany the reduction in blood flow. Ben Hur suggests that PDT induces the endothelium to release vasoconstrictors and 
clotting factors, which cause local coagulation and stasis. 29 This reaction begins a cascade in which local blood flow stasis and endothelial damage retain red blood 
cells in the treatment field longer, thereby exposing them to higher doses of PDT. Subsequent damage results in red cell agglutination, which further exacerbates the 
low-flow state. Neutrophils and platelets bind to damaged endothelium with release of prostaglandins and arichidonates, which also act on the microvasculature. 
Other factors such as von Willebrands factor, platelet-activating factor, and nitric oxide may also be involved. The photodynamic process itself may lead to alterations 
in tumor blood flow.66 A positive feedback cycle of oxygen depletion by the photooxidative system, acidosis, increased intratumoral swelling with decreased blood 
flow, and worsening hypoxia could account for static blood flow followed by tumor necrosis. Nuclear magnetic resonance studies examining tumor energy substrate 
levels during and after PDT indicate that ATP levels are virtually undetectable by 2 to 4 hours 67,68 and 69 and appear to decline in a dose-dependent fashion. 70

The antitumor effect of PDT may be partly caused by modulation of the immune system. Various studies have documented the release of vasoactive agents such as 
prostaglandins, thromboxane, and histamine from murine peritoneal macrophages and mast cells. 71,72 and 73 These mediators could contribute to the vascular and 
metabolic effects of PDT in mediating tumor necrosis. PDT also induces macrophages to release tumor necrosis factor (TNF) in a dose-dependent fashion 74 and 
conversely, PDT may exert a net inhibitory effect on the immune system. Contact hypersensitivity remains suppressed 2 weeks after PDT, 75 and this effect is 
adoptively transferred by macrophages.76 PDT also inhibits the mitogen-stimulated division of human peripheral blood lymphocytes. 77 Therefore, although PDT can 
induce nonspecific immune cells to produce substances such as TNF, prostaglandins, thromboxanes, and histamines that could either directly or indirectly mediate 
tumor necrosis, the overall effect of PDT on the immune system is unknown.

Increased specificity and sensitivity of photodynamic therapy resulting in an improved tumor/normal treatment index may result by treating tumors with 
antibody-sensitizer conjugates. A photosensitizing agent could be combined with a monoclonal antibody with idiotypic specificity for a known tumor. Theoretically, this 
treatment would increase the specificity of the sensitizer for the tumor, resulting in increased tumor cytoxicity with reduced side effects in normal tissues. Mew 
demonstrated this concept by showing that monoclonal antibody-photosensitizer conjugates effectively mediated tumor regression in vivo and kills a variety of cell 
lines in vitro.78,79 PDT using monoclonal antibody-sensitizer conjugates appears to result in greater tumor specificity, longer remission, and less normal tissue toxicity 
in murine subcutaneous tumors.80 Similar constructs have demonstrated selective killing of human ovarian carcinoma and melanoma cells 81,82 but work in this area 
remains highly investigational.

CLINICAL APPLICATIONS OF PDT IN THORACIC CANCER

Detection of In Situ Lung Cancer

Localization of lung cancer at the in situ or microinvasive stage can generally be accomplished by direct visual examination of the tracheobronchial tree using the 
flexible fiberoptic bronchoscope. The procedure is usually done with only topical anesthesia. Occasionally a cancer is difficult to see at its earliest stage, and, 
therefore, a more detailed and careful endoscopic examination using general anesthesia is necessary. General anesthesia permits the endoscopist time to inspect the 
mucosal surfaces for signs of early cancer, such as thickening, irregularity, erythema, and pallor.

Rarely, these routine bronchoscopy procedures fail to confirm the localization of an early-stage squamous cell carcinoma, either in situ or early microinvasive, 
because they are difficult to see. To facilitate the localization of these tumors, various bronchoscopic instruments have been devised during the past 15 years. The 
earliest instruments used laser-induced fluorescence from PII or HpD-containing tumor. Historically, low-dose PII techniques were described, and most recently, a 
new technique relying on tissue autofluorescence without the use of a sensitizer has revolutionized this discipline.

In the early 1980s, special instrumentation systems were developed to be used with the photosensitizers PII and HpD. These systems were necessary to overcome 
technical problems of fluorescence detection and now serve as an historical footnote. Nevertheless, the principles guiding their development remain intact. It was 
known that chemical fluorescence from small superficial tumors could not be seen with the conventional flexible fiber bronchoscope because of the combination of a 
low concentration of chemical in the tumor, a low fluorescence yield, and high optical losses in the fiberoptic bundles. Each of the detection systems developed relied 
on amplification of a fluorescence signal, which was then displayed as either an audio signal or visual image. With the use of an image-intensifying, 
wavelength-detecting device, wavelengths of approximately 405 nM (blue-violet) were used to selectively produce characteristic reddish fluorescence from tissue 
containing significant amounts of the sensitizer. Either the endoscopist could image the areas of red fluorescence as distinct from the green autofluoresence, or a 
ratio for different areas of red to green fluorescence were calculated with the areas of highest ratios indicating the likely sites of tumor. The overall experience using 
these detection systems demonstrated that HpD and PII may be helpful in localizing tumors that are both roentgenographically and bronchoscopically occult. The 
detection of fluorescence, however, was not specific for carcinoma. Areas of cellular atypia ranging from moderate to marked were also sites of low-level 
fluorescence. Therefore, the bronchoscopist must biopsy all suspicious areas of fluorescence in order to confirm the localization of a cancer to a specific site.

The original Tokyo Medical College system, the University of California system, and the Mayo system were each successful in detecting the fluorescence from cancer 
foci; however, distinguishing between tumor fluorescence and nonspecific autofluorescence of the normal bronchial mucosa was difficult. A Japanese system actually 
displayed the wave pattern of light detected and distinguished the fluorescence between HpD and that of autofluorescence. The endoscopist alternated between white 
light for visual confirmation and a Krypton or excimer dye laser system to excite the sensitizer. Other systems described by Lam, Profio, and Balchum were variations 
on the theme of a “ratioing fluorometer probe.” The probe consisted of two fiberoptics of a two-channel bronchoscope: one for conducting the exciting violet light to the 
tip of the scope and the other to transmit the emitted light. The emitted light was split by a beam splitter through a red filter and a green filter. An analog divider ratioed 
the red fluorescence to the green autofluorescent intensity. An audio signal pitch in this system was proportional to the red/green ratio. By using this probe, there was 
decreased dependence on distance or angle from the end of the scope to the lesion. Bronchi with increased red/green ratios were presumed to be involved with 
tumor. After taking readings throughout the bronchial tree, all surfaces were next inspected under white light and fluorescence bronchoscopy to correlate positive 
localized fluorescence with increased ratios. This system was similar to another system developed by Laser Therapeutics, which allowed video images of the red and 
green fluorescence.

The most striking disadvantage of this technique was the requirement that patients receiving the sensitizer avoid sunlight for 4 to 6 weeks to avoid severe skin burn. 
Lam subsequently reported the use of low-dose (0.25 mg/kg) PII instead of the usual 2 to 3 mg/kg dose in conjunction with a ratioing fluorometer probe. The red/green 



ratios of known normal areas was .9 to 1.8, whereas the red/green ratios in biopsy-proven tumor areas was 4.8 (3.0 to 9.5). Increasing the dose of PII by 700% (to 2 
mg/kgm) increased the ratio in the tumor area by only 64% (to 7.9). Moreover, skin photosensitivity testing after the .25 mg/km PII but prior to the additional 1.75 
mg/gm revealed no skin reaction to as high a dose as 30 J/cm 2, a light dose commonly used to eradicate recurrent skin malignancies (after giving the patient the usual 
2 mg/kg dose of sensitizer). Lam's involvement with autofluorescence (see following sections) relegated these observations to historical interest.

The original system used by the Mayo Clinic used violet excitation alternating with white light to illuminate the areas in question. The resulting fluorescence of the 
tissue caused by excitation of the previously given sensitizer was detected by a fiberoptic guide linked to a photomultiplier. The fluorescence signal was amplified as 
an audio signal whose intensity was proportional to the amount of fluorescence detected. The system allowed the endoscopist to view the field using the white light 
and to guide brushings and biopsies by the intensity of the “fluorescence pitch.”

Success in detecting these occult neoplasms was reported from all centers involved in their development. Nevertheless, the systems lacked specificity because areas 
of cellular atypia or moderate or marked degrees would also concentrate sensitizer and have low levels of fluorescence. Moreover, the improvement in the 
signal-to-noise ratio in small, thin preinvasive lesion was only 1.5 to 2-fold at best, 83 and false positives in areas of inflammation or metaplasia were on the order of 
27% to 50%.

At the same time that Lam and colleagues were working on low-dose fluorescence detection with the sensitive-ratio fluorometric measurements, they extended their 
observations to the possibility of using in vivo spectroscopy. The guiding principle was to explore the use of autofluorescence spectra of normal tissue and carcinoma 
in situ to facilitate localizing cancer in the bronchial tree. A difference exists between the in vivo autofluorescence spectra of normal bronchial mucosa and carcinoma 
in situ induced by a helium-cadmium laser at 442 nm (Figure 24.3). Fluorescence spectroscopy for normal tissue characteristically has a high intensity at 500 nm, 
which gradually decreases at longer wavelengths. On the other hand, in situ carcinoma demonstrates a relatively low intensity of fluorescence at 500 nm and remains 
low throughout the longer wavelengths. The investigators developed a device called the lung imaging fluorescence endoscope (LIFE). LIFE consists of a helium 
cadmium laser as a light source (442nm), two image-intensified CCD cameras with green (520 nm) and red (more than 630 nm) filters, respectively, a computer with 
an imaging board, and a color video monitor. Two images at different wavelengths are simultaneously captured in precise registration by the imaging board. The 
images are then combined and processed by an imaging board using a specially designed algorithm that allows normal tissue to be clearly distinguished from 
malignant tissue when displayed as a pseudocolor image on the video monitor. The computed image is displayed in real time. The detection of lung tumors is based 
on the observation that tumors in vivo have considerably lower autofluorescence in the green range than normal tissue, whereas emission in the red range is similar. 
The computed image is independent of the distance between the bronchoscope tip and the bronchial wall. The processed image can be displayed as desired (e.g., 
normal tissue as green and tumor as brown or brownish red) allowing guided biopsy under direct vision for pathologic confirmation.

FIGURE 24.3. A: Autofluorescence spectra of normal bronchial mucosa and squamous cell carcinoma in situ. B: Reddish brown fluorescence of carcinoma in situ 
distinguished from the green fluorescence of normal bronchial mucosa. (Courtesy of XILLIX Technologies Corporation, British Columbia, Canada.) (See Color Figure 
24.3B.)

This technique was first described by Profio and colleagues 84 in 1984 for use with sensitizer-induced fluorescence and is now used to differentiate cancer from normal 
tissue based on tissue autofluorescence. The system was tested in vivo by using it to detect squamous cell cancers and precancerous lesion in a hamster cheek 
pouch mode,85 and spectral differences between precancerous, cancerous, and normal bronchial mucosa in 32 patients were documented using the LIFE system. 86 
These observations were validated 87 in 82 volunteers recruited from occupational groups at risk for development of lung cancer. The premise was that one could 
determine differences in tissue autofluorescence between normal and malignant bronchial tissues in order to improve the sensitivity of standard fiberoptic 
bronchoscopy in detecting dysplasic and carcinoma in situ (CIS). This study consisted of 25 nonsmokers, 40 ex-smokers, and 17 current smokers with mean ages of 
52, 55, and 49 years, respectively. One or more sites of moderate or severe dysplasia were found in 12% of the ex-smokers and current smokers but in none of the 
nonsmoker volunteers. CIS was found in two of the ex-smokers. The sensitivity of fluorescence bronchoscopy (86%) was found to be 50% better than that of 
conventional white light bronchoscopy (52%) in detecting dysplasia and CIS.

Most recently, a multicenter trial was performed to determine if autofluorescence bronchoscopy, when used as an adjunct to white light bronchoscopy, could improve 
the bronchoscopist's ability to locate and remove biopsy specimens from areas suspicious of intraepithelial neoplasia. 88 White light bronchoscopy was followed by 
fluorescence examination with the lung imaging device in 173 subjects known or suspected to have lung cancer. Biopsy specimens were taken from all areas 
suspicious of moderate dysplasia or worse on white light bronchoscopy or LIFE examination. In addition, random biopsy specimens were also taken from other parts 
of the bronchial tree. The relative sensitivity for the combination of white light and LIFE bronchoscopy compared to white light examination alone was 6.3 for 
intraepithelial neoplastic lesions and 2.71 when invasive carcinomas were also included. This translated to a 171% increase in sensitivity for the combination of white 
light and LIFE bronchoscopy over white light examination alone. The positive predictive value was 0.33 and 0.39 and the negative predictive value was 0.89 and 0.83, 
respectively, for the combination versus white light bronchoscopy alone. These studies led to FDA approval of this device for the detection of preneoplastic lesions of 
the airway.

This technology is an important addition to the armamentarium for early detection and prevention of lung cancer; however, its limitations must be noted. These 
include: (a) limitation to the detection of high-grade preinvasive lesions such as moderate/severe dysplasia and carcinoma in situ. Autofluorescence is not useful in 
the detection of metaplasia or mild dysplasia; (b) pathologic interpretation must be consistent with classification of airway lesions; (c) a learning curve probably exists 
with the instrument so that subjective interpretation of fluorescence images becomes uniformly objective; and (d) the population studied influences the results of the 
examination for former smokers and has a lower prevalence of mild dysplasia and metaplasia compared to current smokers, whereas high-grade lesions persist after 
smoking stops. Moreover, women have a lower prevalence of high-grade lesions than men (13% versus 31%). 89

The early detection of lung cancer with PDT will probably be reserved for those difficult clinical situations such as high-risk asymptomatic patients with positive sputum 
cytologies but negative radiologic evaluations and negative bronchoscopy. Other potential beneficiaries of these techniques might be patients with positive margins 
for carcinoma in situ after resection for bronchial carcinoma. These techniques are limited, however, in specificity because cellular atypia and metaplasia retain 
sensitizer and fluoresce on stimulation. Sensitivity is also restricted in that current systems require bronchoscopes too large to examine small diameter airways. 
Continued investigation into digital imaging combined with fluorescence detection and miniaturization of equipment may one day obviate these current weaknesses.

Photodynamic Therapy as a Treatment for Lung Cancer

Bronchoscopic PDT has been an investigational treatment for lung cancer since 1980. The technique is relatively simple and can be performed under local or general 
anesthesia using a standard flexible bronchoscope ( Figure 24.4). The treatment does not result in the loss of lung tissue and can be used safely in patients with 
complicating medical illnesses such as heart disease and chronic obstructive lung disease. Empirical observations have shown that light doses as high as 600 J/cm 
and intravenous Photofrin doses of 2 mg/kg were not associated with any serious complications. In vivo animal experiments investigating the effect of PDT on a 
normal trachea have shown no apparent damage to the cartilage and suggest that PDT is unlikely to cause perforation or collapse of normal major airways. 90 
Bronchoscopic PDT is presently approved for use in the the palliation of symptoms caused by endobronchial disease in higher stage lung cancer, as well as for 
primary treatment of microinvasive lung cancer in nonsurgical candidates.



FIGURE 24.4. Schema of photodynamic therapy for bronchial lesions. See text for details. (Courtesy of Dr. Jeffrey Wiemann, Louisville, Kentucky.) (See Color Figure 
24.4.)

Photodynamic Treatment of Early-Stage Lung Cancer

Several findings from the large-scale U.S. lung cancer screening projects indicate that a treatment modality such as PDT might be perfect for the treatment of early, 
superficial squamous cell cancers.91 In patients with positive sputum cytologies and negative chest films, most lesions are confined to the bronchial wall with no 
extrabronchial involvement. The depth of these lesions, approximately 5 mm, corresponds to the tissue penetration of red light. These lesions detected by screening 
techniques tend to be centrally located squamous cell cancers. Because of their central location, major operations such as sleeve resection or even pneumonectomy 
are often required to manage early, noninvasive lesions. Photodynamic therapy possesses the ability to selectively treat large surface areas at risk without the 
problems associated with major resections that may not be curative. After an initial curative attempt, many patients, approximately 4% per year, will recur with second 
primary lesions, indicating the failure of localized surgery to cure a more generalized disease. If large-scale screening efforts are targeted to this high-risk population 
(i.e., patients who have had a previous curative stage I resection) localization of the endobronchial source of the abnormal sputums could be followed by PDT.

Other candidates for endobronchial PDT besides those found to have radiographically occult lung cancer would be those patients who refuse operative therapy or 
who are unable to have surgical resection because of high surgical risk limited pulmonary function, or multicentricity of lesions.

Several phase II clinical trials have examined the role of PDT in the treatment of early-stage lung bronchial cancer. Since 1980 at the Tokyo Medical College, 251 
patients have had 297 lung cancers treated with photocynamic therapy. These data led to the approval of PDT for early-stage lung cancer in Japan in 1994, and have 
been updated since a previous report of the experience. 92 Ninety-five patients with 116 early cancers have been treated with endobronchial PDT. An argon laser 
coupled to a dye laser employing Rhodamine-B dye or an Excimer dye laser was used to generate 630-nm laser light. Endoscopic PDT was performed with topical 
anesthesia and intravenous sedation approximately 48 hours after an intravenous injection of 2 mg/kg of Photofrin II. A laser beam was transmitted through a fiber 
inserted through the instrument channel of a fiberoptic bronchoscope. The fiber tip was maintained 1 to 2 cm from the lesion, yielding a circular area of illumination 
estimated to be between 4 and 8 mm. Power output at the fiber tip was adjusted to range from 80 to 400mW when using the argon dye laser. When the Excimer laser 
was used, the frequency was set at 30 Hz with the energy adjusted to 4 mJ/pulse. Illumination time ranged from 10 to 40 minutes, giving energy densities of 100 to 
800 J/cm2. Tumor response to PDT was evaluated endoscopically, roentgenographically, cytologically, and histologically at periodic intervals after treatment. In 
resected specimens or at autopsy, the treated areas were examined macroscopically and histologically. After PDT complete remission, no evidence of tumor by any of 
the previously mentioned criteria was obtained in 77 patients (81%). Patients who ultimately had a complete remission often required an additional course of PDT to 
accomplish this outcome. The recurrence rate has been recorded as 16%. Complete remission was not obtained in the lesions that were anatomically difficult to 
photoradiate, in those lesions in which it was not possible to obtain an angle of irradiation of 90 degrees to the surface, or in lesions invading beyond the cartilage. 
Furuse reported similar results in 54 patients with 64 centrally located early-stage lung cancers. An 85% complete response rate was reported after a single session 
of PDT, and length of the longitudinal tumor was the only independent prognostic factor for a complete response. 93 In summarizing his experience with endobronchial 
PDT, McCaughan reported 16 patients with clinical stage I disease treated with PDT because they were ineligible for surgery. A remarkable estimated five-year 
survival of 93% was reported, but median time of follow-up was only 39 months for the 11 patients reported as still alive with no evidence of disease. 94

The Mayo experience with PDT in patients with lung cancer has been slightly different than the Tokyo experience. However, the clinical observations are similar and 
complementary in nature. PDT at Mayo Clinic uses HpD rather than Photofrin. The laser technology is an argon pump dye laser using Rhodamine-B dye. The 
fiberoptics are the same. Photoradiation is usually delivered between 3 and 5 days (usually 3 days) after intravenous injection of 2.5 to 5 mg/kg of HpD. Laser power 
and total joules are similar to those described by the Tokyo group. Since 1980, more than 120 patients have been treated with this therapy at the Mayo Clinic. This 
experience includes a subset of 58 nonsurgical patients with an 84% complete response and fulfills the following criteria: (a) are roentgenographically occult, (b) are 
squamous cell carcinoma, (c) appear to be superficial mucosal tumors by bronchoscopic examination, and (d) are less than estimated 3 cm 2 in surface area. Nineteen 
patients (39%) have recurred after a single treatment, with a median time to tumor recurrence of 4.1 years. Eleven patients (22%) have recurred after a second 
treatment, and the median survival is 3.5 years (Edell, personal communication, 1999).

A comparison of the long-term results of surgery or PDT in patients who could have a potentially curative surgical resection has not been subjected to a randomized 
trial. In a preliminary study, however, 13 patients, with a total of 14 cancers, were considered surgical candidates and underwent PDT as an alternative to surgery. 95 
The patients were treated with the understanding that if residual cancer was present after no more than two sessions of PDT, performed at three-month intervals, they 
would receive standard surgical therapy. In the group of 13 patients, 12 (92%) demonstrated a complete response, meaning that the carcinoma had disappeared 
bronchoscopically, by biopsy of the treated region, by brushings, and by washing cytology. Ten of the fourteen cancers (70%) demonstrated a complete response 
after the first photodynamic treatment. Three other cancers demonstrated a complete response after the second treatment. In total, 13 of the 14 cancers (93%) 
demonstrated a complete response after the two treatments. All 13 cancers were superficial and appeared to be spreading over the mucosa based on bronchoscopic 
examination. One cancer of the 14 (7%) failed to show a complete response. This cancer was a bulky, exfoliative lesion by bronchoscopic examination.

Of the 13 cancers that demonstrated a complete response, 3 (23%) recurred during the first 2 years of follow-up. Two of the cancers were then surgically resected. 
The third cancer, which initially demonstrated complete response after only one session of PDT, underwent a second PDT treatment and has not recurred since. Ten 
of the thirteen cancers that showed a complete response have not recurred for up to 5 years of follow-up. In total, 10 of the 13 patients (77%) were spared an 
operation. The three patients with persistent cancer underwent surgical resection, and in each case, the postsurgical stage for each cancer was T1, N0, M0.

These data from the Mayo Clinic have now been extended to 21 patients, of which 15 (71%) had a complete response after one PDT treatment. With a follow-up of 24 
to 116 months (median, 72 months), 4 patients (19%) have recurred after their first PDT session. 109

In September 1997, the Oncologic Drug Advisory Committee recommended approval of PDT for microinvasive lung cancer for nonsurgical candidates in the United 
States. This approval was based on the data from three open label studies involving a total of 102 patients receiving PDT for early-stage lung cancer. On review of 
the data, 24 of the 102 patients, by external review, were thought to be neither radiation nor surgical candidates. Analysis of the data with regard to histologic 
complete tumor response, time to recurrence, overall survival and disease-specific survival revealed striking similarities between the whole group and the subset, as 
well as when the data were compared to the previously mentioned Japanese and Mayo data. Complete response rate after one PDT course was 92% and 75%, 
recurrences were 46% and 44% at median times to recurrence of 2.7 and 2.8 years, and median survivals were 3.4 and 2.5 years, for the subset versus all patients, 
respectively (Quadralogics Technologies, personal communication, 1999).

The most common complication after PDT treatment of early lung cancer remains photosensitivity reactions (23%). Other mild adverse events include transient 
obstructive symptoms caused by exudate and edema formation related to the PDT inflammatory response. Dyspnea can be life-threatening in a minority (4%) of cases 
and is usually related to bilateral PDT treatments simultaneously. Frequent clean-up bronchoscopies with attention to debridement may be necessary.

Palliation of Endobronchial Obstruction

The most common use of PDT in the treatment of patients with lung cancer has been in the palliation of symptoms caused by endobronchial tumor 39 (Figure 24.5). 



Multiple phase II studies documenting the safety and efficacy of PDT for relieving endobronchial obstruction have been performed. 96,97,98,99,100,101,102,103 and 104

FIGURE 24.5. Photodynamic therapy for a patient with partial obstruction of the right mainstem bronchus. A: 90% obstructive non–small cell lung cancer 0.5 cm from 
the main carina. B: Laser fiber is positioned for interstitial treatment 48 hours after the patient received Photofrin II. C: Appearance of the lesion 48 hours after 
treatment before any debridement of the avascular base. D: Appearance of the lesion base after bronchoscopic debridement revealing the right upper lobe orifice to 
the right and the bronchus intermedius straight ahead. E: Appearance of the airway 2 months later. Only a superficial ulcer is present at the site of the original lesion 
F: Appearance of the airway 3 months after treatment. A histological complete response was documented. (See Color Figure 24.5.)

In attempting to summarize the overall experience in treating patients with obstructing carcinoma of the tracheobronchial tree, PDT appears to be most effective in the 
treatment of polypoid tumors. A poor response occurs with submucosal and peribronchial disease. 105,106 The median duration of complete response appears to be 
approximately 22 weeks if more than one-half of the airway obstruction is caused by a mucosal process. However, the median duration is only 7 weeks if the tumor is 
predominantly submucosal or peribronchial. In addition, lack of perfusion or reduced perfusion out of proportion to the reduction in ventilation is associated with 
peribronchial involvement and poor outcome. Extraluminal tumor compression on CT scan also indicates a poor response. 107,108 One of the largest and most 
representative series of patients who had PDT for obstructing airway cancers has been reported by McCaughan. 94 Patients were treated with Photofrin, 2 mg/kg 
administered intravenously 48 hours before surface irradiation, as well as implantation techniques using power densities chiefly at 400 mW/cm of fiber. Light doses 
were modified depending on the airway treated: 400 J/cm of fiber for trachea and main bronchi, 300 J/cm for lobar bronchi, and 200 J/cm for segmental bronchi. A 
total of 492 bronchoscopic sessions delivering the therapy to 673 airway sites with 1,128 treatments, were performed in 175 patients over a 14-year period. 
Aggressive clean-up bronchoscopies were performed on the first and third days after treatment, and repeat endoscopic evaluation was performed 1 month after the 
treatment. The indications for PDT use in this population include endobronchial obstruction, hemoptysis of a chronic and not massive nature, and treatment of 
bronchial stump recurrences. Although no intraoperative deaths occurred in McCaughan's series, eight patients died within the first 30 days, four from pulmonary 
hemorrhage. In fact, fatal massive hemoptysis (FMH) has been described in this treatment setting by several different investigators, and the rate of FMH is 
comparable to that seen with endobronchial brachytherapy and YAG laser therapy. It is generally agreed that in experienced hands, the FMH seen with PDT is 
probably caused by progression of disease.

FDA approval of endobronchial phototherapy for malignant disease came in 1999 after reviewing the results of a phase III trial comparing Photofrin PDT to YAG laser 
for the palliation of endobronchial lung cancer for 211 patients, of whom 75% had stage III–IV disease (Wiemann J, personal communication, 1999). Patients were 
randomized to receive either PDT or YAG. At month 1 or later after treatment, the objective tumor response rate was significantly higher with PDT (60%, 60/102) 
compared to Nd:YAG (41%, 45/109). Marked improvement (³l2 grades) in dyspnea was observed in 23% (14/60) of PDT-treated patients with moderate to severe 
symptoms at baseline compared to 13% (9/68) of Nd:YAG-treated patients. Cough improved in 24% (15/63) of PDT-treated patients versus 8% (5/65) of patients who 
received Nd:YAG. Hemoptysis improved in 79% (19/24) of PDT-treated patients compared to 35% (11/31) of Nd:YAG-treated patients. Adverse events reported in 
patients receiving PDT (n = 99) were dyspnea (32%), hemoptysis (18%), bronchitis (11%), and photosensitivity reactions (20%). Patients receiving Nd:YAG (n = 99) 
reported dyspnea (17%), hemoptysis (12%), and bronchitis (3%). Life-threatening adverse effects including FMH and respiratory insufficiency were comparable in 
both populations. Early deaths and overall survival were similar. Based on these results, PDT with porfimer sodium was considered to be as effective as YAG for 
palliation of symptoms from obstructing endobronchial non–small cell lung cancer and in reduction of luminal obstruction. The PDT safety profile in this patient 
population was acceptable, and clinically important benefit was seen in approximately one-third of patients with moderate to severe symptoms at baseline.

CONCLUSIONS

The early detection of lung cancer using photodynamic techniques is evolving, and the LIFE scope has had FDA approval since the first edition of this book. The 
complementary nature of the LIFE scope and similar systems with PDT now add a powerful tool not only in the detection of lung cancer but also in defining airway 
carcinogenesis. More accurate means of biopsying and immortalizing bronchial cells reflective of airway events will eventually help in the definition of lung cancer 
biomarkers.

Photodynamic therapy for the treatment of lung cancer in various settings has been approved in France, the Netherlands, Japan, the United States, and the United 
Kingdom. The therapy is still in its infancy with regard to appropriate sensitizers and light delivery systems, and it is predicted that all components of the therapy will 
be more efficient and, in fact, less morbid in the future. The morbidity at the present time is limited to transient inflammatory events in the airway as well as 
photosensitivity of the skin. Fatal massive hemoptysis, although a rare associated event, must be carefully explained to the patient as a possibility. One can foresee a 
future in which new sensitizers will have better tumor-associated retention and localizing properties and will have skin photosensitivity measured in hours. Future 
sensitizers will be able to be activated at greater depths within tissue. Moreover, total outpatient treatment, with sensitizer and light delivery performed only hours 
apart, will probably be the norm within the next 5 years.
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Lung cancer is among the most common malignancies in the world and the leading cause of cancer-related mortality. 1 Although the five-year survival rate for patients 
with lung cancer has improved significantly since the early 1970s, this disease has retained a high mortality rate, making all aspects of lung cancer research a priority 
for clinicians, researchers, and the public. Despite advances in standard therapies—surgery, radiotherapy, and chemotherapy—the five-year survival rate of patients 
with lung cancer remains approximately 14%. For many years the number one cancer killer in men, lung cancer has just recently (within the last five years) become 
the preeminent cause of cancer-related death in women. This is due to an increased incidence of smoking in women during the late sixties and early seventies. As 
detailed in Chapter 20, there is usually a 20-year lag between increases in smoking patterns and subsequent increases in lung cancer incidence. Most patients 
present with metastatic or locally advanced disease for which therapy has demonstrated limited benefit. Ongoing clinical trials continue to be the method by which 
new compounds and new combinations of chemotherapy and radiation treatments are evaluated; however, given the slow progress, there has been an increased 
focus on lung cancer prevention strategies.

Since 90% of lung cancers are tobacco-related, primary prevention of lung cancer by smoking cessation remains an important objective. However, given the rising 
trend in worldwide tobacco consumption and the fact that former smokers still have higher lung cancer risk than nonsmokers (more than 50% of lung cancer occurs in 
former smokers),2 lung cancer will remain a formidable problem well into the next century. We now know from molecular studies that, even after the cessation of 
tobacco use, genetic scars and alterations persist. 3 Chemoprevention is defined by Michael A. Sporn as the use of specific natural or synthetic compounds to reverse, 
suppress, or prevent carcinogenic progression to invasive cancer. 4

Chemoprevention using 13-cis-retinoic acid (13cRA) has been demonstrated to be effective in preventing second primary tumors of the head and neck, 5 and this 
pivotal study, albeit small, set the stage for numerous clinical trials to evaluate similar agents for their chemopreventive ability in a variety of solid tumors, including 
those of the breast, colon, rectum, cervix, prostate, bladder, head and neck, and, of course, lung. In this chapter, we will review chemopreventive strategies 
exclusively as they relate to the prevention of lung cancer and second primary tumors in lung cancer patients.

THE RELATIONSHIP OF LUNG CANCER AND SMOKING: PRIMARY PREVENTION

The relationship between lung cancer and smoking has been established in an increasingly compelling fashion over the last five decades, and few would question this 
association. The association between cigarette smoke and lung cancer was first observed and cited by Ochsner and DeBakey in their landmark treatise in 1942. 6 In 
the 1950s, two large, well-designed epidemiologic studies further established a strong link between smoking and lung cancer. 7,8 and 9 The importance, however, of the 
histologic changes that were observed in smokers with lung cancer was reported by Auerbach and colleagues. 10 This group sectioned the entire tracheobronchial 
trees of deceased smokers and of individuals in whom lung cancer had developed, reporting three major types of epithelial changes: an increase in hyperplasia, a 
primary loss of cilia, and the presence of atypical cells. Perhaps most striking was the finding of carcinoma in situ; lesions composed entirely of atypical cells without 
cilia, whose average thickness was five or more cell rows, were observed in 15% of the tissue sections from patients who died of lung cancer. Of note is that 
carcinoma in situ lesions were never found by Auerbach and his collaborators in the pathologic specimens of nonsmokers, and few were found in the bronchial trees 
of light smokers.10 In addition, a dose-response effect was demonstrated, because the changes were observed in 4.3% of bronchial sections from patients who had 
smoked one to two packs of cigarettes per day and in 11.4% of the sections from those who smoked two or more packs of cigarettes per day. Others have 
subsequently established such findings in the bronchial tissue of passive smokers. 11

Recent studies attribute approximately 87% of lung cancers to tobacco exposure. The relative risk for developing lung carcinoma in current smokers is 24-fold greater 
than that for people who have never smoked.12 However, the relative lung carcinoma risk in all cohorts of former smokers, although lower than for current smokers, 
remains greater than for those who have never smoked.12 This close correlation between smoking status and lung cancer resulted in the National Cancer Institute's 
Division of Cancer Prevention and Control's emphasis on instituting cancer prevention as the major strategy in the control of lung cancer. The result of these 
campaigns to educate the public about the hazards of cigarette smoking has been a substantial reduction in the percentages of adults who actively smoke in the 
United States.13 A survey of data from 1965 through 1991 reveals that these and other campaigns have had a substantial impact. In fact, the most recent data 
available from 1998 reveal that 29.9% of adult men and 19% of adult women were estimated to be former smokers, representing a 77.2% decrease from 1965 in the 
percentage of Americans who actively smoke.13 This change has been attributed both to smoking cessation (the rate of which has doubled over the last three to four 
decades) and a decrease in the number of people who actually commence smoking.

LUNG CANCER AND FORMER SMOKERS

With the decrease in smoking, it becomes even more imperative to develop strategies for at-risk former smokers. In the most recent estimate conducted in 1991, 43.5 
million adults in the United States were estimated to be former smokers, of whom 15.3 million are 45 to 64 years old. Of this group, 10.9 million are above the age of 
65.13 Astonishingly, although smoking cessation has helped reduce the absolute number of smokers, as many as 48.5% of people who have ever smoked are now 
considered former smokers. While it is clear that the risk of developing lung cancer decreases in individuals who stop smoking, the magnitude of the problem in 
former smokers is great. Two surveys of patients with lung cancer performed recently at the University of Texas M. D. Anderson Cancer Center and the Brigham and 
Women's Hospital respectively 2,14 demonstrate that more than 50% of lung cancer cases seen at these centers occurred in former smokers. This clearly shows a 
population presenting a significant public health problem for the United States, where there appears to be an increasing number of former smokers who will remain at 
substantial lifetime risk of cancer development.

SCREENING FOR LUNG CANCER

Screening is another approach to decreasing lung cancer mortality. Because patients with early-stage disease have higher cure rates, there has been the theory that 
effective screening programs could potentially have a significant impact on overall survival. However, screening strategies with chest radiographs and standard 
sputum cytology have to date all failed to alter overall survival rates in this disease. 14

While intense controversy regarding screening for breast, colorectal, and prostate cancer still exists, a consensus does exist regarding lung cancer screening. All 
major organizations involved in public health recommend against any efforts to detect early lung cancer because each of the four randomized controlled clinical trials 
has failed to demonstrate a significant reduction in lung cancer mortality as a result of screening. Trials for lung cancer screening conducted at Memorial 
Sloan-Kettering Cancer Center, John Hopkins Hospital, and the Mayo Clinic were negative. 15,16 and 17 Many physicians feel that with new screening techniques and 



other diagnostic techniques, such as spiral low-dose CT scans, sputum cytology, and bronchial brushing, it may be possible to establish lung cancer diagnoses earlier 
enough to make an impact on overall survival rates in the context of this dreaded disease (for further details of lung cancer screening, see also Chapter 22).

FIELD CANCERIZATION

Chemoprevention represents an effort to arrest carcinogenesis and prevent the development of a malignancy by the administration of specific compounds. The 
rationale for chemoprevention of lung cancer is based on two principles of tumor biology common to most epithelial cancers: field cancerization and multi-step 
carcinogenesis, which are demonstrated in Figure 25.1 and Figure 25.2, respectively. Field cancerization ( Figure 25.1) was first described by Slaughter and 
colleagues, who identified epithelial hyperplasia, hyperkeratinization, and atypia in grossly normal appearing epithelium adjacent to cancers of the oral cavity. 
Notably, multiple tissue sections were also found to contain carcinoma in situ. Such histologic changes throughout the oral epithelium suggest that steps in the 
development of malignancy occurred elsewhere in the aerodigestive tract ( Figure 25.1). This concept is important in the chemoprevention of lung cancer, for it 
suggests that the development of an aerodigestive tract malignancy is not a random event but rather the result of diffuse changes that are present throughout the 
epithelium.

FIGURE 25.1. A schematic and pathologic representation of the Concept of Field Cancerization: Epithelium throughout the respiratory tract is affected by similar 
toxins, hence the concern about second primary cancer prevention. (See Color Figure 25.1.)

FIGURE 25.2. Multi-step process of lung carcinogenesis: A schema of molecular changes that have been reported to occur during the multi-step lung carcinogenic 
process. While representing potential points for intervention (i.e., chemoprevention), these events could potentially (once available) serve as biomarkers of cancer 
risk and intermediate end points for clinical studies. (From Papadimitrakopoulou VA. New developments in the chemoprevention of lung cancer. Prim Care Cancer 
1998;18[Suppl. 1]:52, with permission.) (See Color Figure 25.2.)

The existence of diffuse premalignant changes in the aerodigestive tract suggests the important clinical finding that patients who survive an initial diagnosis of cancer 
in one region are subsequently susceptible to the development of second primary tumors. More specifically, it is now known that specific genetic alterations are most 
likely involved in this process. For example, Hung and colleagues 18 have demonstrated that highly specific deletions in the short arm of chromosome 3 occur during 
hyperplasia, the earliest stage in the pathogenesis of lung cancer, and that they can be found throughout the respiratory tract. Furthermore, Kishimoto and 
associates19 noted similar evidence for allele-specific losses on the short arm of chromosome 9 in the earliest stages of lung cancer pathogenesis. This work was 
consistent with earlier work by Sozzi and co-workers, 20 who detected deletions of the short arm of chromosome 17 and of the p53 gene in premalignant lung lesions. 
Further work by Sozzi and her colleagues has followed up on Hung's previous work and has demonstrated that one of the genes on chromosome 3p that is most likely 
lost in lung carcinogenesis is the fragile histidine triad ( FHIT) gene21,22 (See also Chapter 8).

Compelling evidence supporting the field carcinogenesis theory comes from studies of genetic alterations throughout the respiratory tract in paraffin-embedded tissue 
sections using a chromosome in situ hybridization technique23,24 and in DNA content analyses after Feulgen staining. 25 Using biotinylated chromosome 7–17 specific 
centromeric DNA probes, investigators at the University of Texas M. D. Anderson Cancer Center demonstrated that chromosomal polysomies were found not only in 
tumor cells but also in histologically defined premalignant lesions such as oral leukoplakia 24 and in nonmalignant epithelial lesions adjacent to tumors.

MULTI-STEP CARCINOGENESIS

Although the series of genetic events leading to the development of lung cancer are not as well defined as in some systems (that is colorectal cancer), 26 lung cancer 
seems to result from multiple genetic events. Multiple studies have reported that invasive squamous cell carcinomas of the lung arise in association with areas of 
carcinoma in situ.9,10,27,28 These progressive changes from metaplasia to carcinoma have been accepted as the hallmark of an orderly carcinogenic progress that 
ultimately leads to the development of squamous cell carcinoma (one such model is shown in Figure 25.2). Some initial findings in this regard were documented by 
Saccomanno and colleagues,29 who examined serial sputum samples of uranium miners. Their subsequent cytologic examination of exfoliated bronchial cells in the 
sputum of these miners led the researchers to conclude that human lung cancers develop through a series of readily identifiable stages. Saccomanno and his 
colleagues further divided these stages into squamous cell metaplasia, squamous cell metaplasia with atypia (mild, moderate, or marked), carcinoma in situ, and 
invasive squamous cell carcinoma. Quantitative cytochemical studies in human and animal models have further supported these findings with the demonstration of 
increasing amounts of DNA in exfoliated cells from abnormal epithelia. 30,31 Thus mildly atypical cells were found to exhibit a diploid-tetraploid range of DNA content, 
thereby most likely representing normal proliferative activity, whereas moderately and severely dysplastic cells had DNA content that was far greater than that 
encountered in the diploid population.

The data supporting this rely on the facts that complex cytogenetic abnormalities are consistently found in tumor cells 32,33 and that similar genetic abnormalities are 
found in normal and nonmalignant lung tissue samples from patients with lung cancer. 34 Along these lines, work by Mao and associates35 demonstrated that ras 
mutations could be detected in the sputum of smokers prior to the actual diagnosis of lung cancer, thereby postulating a potential role for molecular screening where 
radiographic screening had previously failed to be effective. This genetic evidence was further strengthened by the fact that the number of chromosomal or genetic 
alterations in lung cancers seems to involve both the activation of dominant cellular oncogenes and the inactivation or chromosomal deletion of tumor-suppressor 
genes.36 Since the inactivation of tumor-suppressor genes requires at least two genetic changes to inactivate both alleles, lung cancer cells must undergo several 
distinct genetic events to progress from the premalignant stage to active lung cancer. Conservative estimates based on both the cytogenetic and molecular genetic 
changes place the total number of genetic events required for lung carcinogenesis at between ten and 20 events 34 (Figure 2). Data from Mao and associates35 have 
demonstrated loss of heterozygosity (LOH) on chromosomes 3p, 9p, and also (but less frequently) 17p not only in the bronchial biopsy tissue of patients who have 
cancer but also in the bronchial tissue of current and former smokers in whom there is no clinical evidence of disease or even, in some cases, of histologic 
abnormalities. This data establishes that tobacco use produces long-term irreversible (and reversible) effects and illustrates the persistent genetic damage found in 



the airways of former smokers. Mao's data indicate that 67% of former smokers demonstrate evidence of persistent genetic abnormalities in bronchial epithelium. 
These data lead one to believe that there are stable genetic alterations that can persist in the airway long after smoking cessation. Most critically, the fact that LOH at 
9p and 17p persists even in patients who quit smoking suggests that these may be markers of stable genetic damage caused by cigarette smoke, unlike LOH at 3p, 
which appears to be largely reversible following smoking cessation. It is this persistent genetic injury that may, in fact, be the fingerprint of subsequent carcinogenic 
progression.

Mao and associates used microsatellite DNA studies at three specific loci—chromosomes 3p14, 9p21, and 17p13—to evaluate individual smokers (40 current 
smokers and 14 former smokers).35 Genetic alterations at chromosomal sites containing putative tumor-suppressor genes (3p14 and the FHIT gene, 9p21 and the p16
 gene, and 17p13 and the p53 gene) were frequently found even in the histologically normal or minimally altered bronchial epithelium of chronic or former smokers. 
Wistuba and colleagues 37 have verified that these and other similar genetic alterations, while present in the airways of current and former smokers, are never seen in 
the normal bronchial epithelium of nonsmokers (see also Chapter 23).

While squamous metaplasia was initially identified as a potentially reversible premalignant lesion and was studied in multiple chemopreventive trials, 30,31 the data of 
Mao and associates35 and Wistuba and associates 37 demonstrated that persistent genetic abnormalities can be found even in the absence of squamous metaplasia. 
Therefore the reliability of squamous metaplasia as a putative premalignancy model for lung cancer has become questionable. The development of a comprehensive 
model of premalignancy will likely require integration of recent molecular observations of persistent genetic abnormalities such as those demonstrated by Mao and 
associates3 with a reexamination of putative histologic subtypes of premalignancy, including bronchial metaplasia.

CHEMOPREVENTION

The rationale for a chemopreventive intervention in former smokers is clear from the evidence of persistent genetic damage in the airway as well as the etiologic role 
that tobacco plays in causing smoking-related genetic changes. With an increasing ability to detect and evaluate histologic abnormalities in bronchial tissue, the 
overall goal remains to develop agents that can be effective as chemopreventive compounds. 4

The concept of using chemopreventive agents to reduce cancer risk stems both from epidemiologic and laboratory evidence. Epidemiological studies have 
demonstrated that vitamin A deficiency as well as decreased amounts of vitamin E and b-carotene are associated with an increased incidence of lung cancer in 
humans.38 Vitamin A deficiency was long ago reported to induce squamous metaplasia in the mucosa of the upper aerodigestive tract 39 that is similar to the 
premalignant changes in this mucosa found in heavy smokers. 9 Dietary vitamin supplementation reversed squamous metaplasia in the trachea of vitamin A–deficient 
animals in vivo,40 and various retinoids exhibited a similar activity in vitro.41 Among other functions, these compounds are felt to exert anticarcinogenic activity by 
causing antioxidant effects and scavenging free radicals that are the by-products of many normal metabolic functions, thereby preventing cancer-causing damage to 
DNA. However, no clear-cut evidence of the specific effectiveness of vitamins A and E or b-carotene has been demonstrated, and epidemiologic data cannot discount 
the possibility that other constituents of vegetables and fruits may provide the anticarcinogenic effects of these foods. While suggestive of effect, epidemiologic 
evidence taken alone cannot substitute for a randomized, double-blind, clinical study.

A number of problems and pitfalls with lung cancer chemoprevention studies involve (or revolve around) using the end point of cancer incidence in patients at 
increased but still marginal risk of cancer. These studies generally require a large number of patients and take years to decades to complete. The intermediate end 
points, such as those discussed in this paper, are helpful; however, these biomarkers have yet to be fully validated. It will take the efforts of a large group of subjects 
and investigators to expedite the validation of intermediate end point biomarkers and tailor clinical chemopreventive trials along these lines.

Retinoids

Vitamin A derivatives, or retinoids, are a family of compounds that have complex biologic effects, including the modulation of differentiation, proliferation, and 
apoptosis within both normal and neoplastic tissues. 42,43 The complexity of their function depends not only on the diversity of the retinoid ligands but also on the 
diversity of the nuclear retinoid receptors that mediate their activity. Retinoids bind to DNA and activate retinoid receptors, which function then as cellular transcription 
factors. These receptors are expressed at varying levels in different cell types, and their differential expression affects downstream gene expression. There exist two 
classes of nuclear retinoid receptors: the retinoic acid receptors (RARs), and the retinoid X receptors (RXRs). Within these two classes, there are three 
subclasses—a, b, and g—which are subsequently divided further into a large number of isoforms produced through differential promoter usage and alternative 
splicing of receptor transcripts. 42,43 Specific isoforms of RARs and RXRs appear to have different functions, activating alternate downstream target genes. RXRs form 
homodimers and heterodimers with RARs or a host of other receptors, such as those for vitamin D and thyroid hormones, and with a variety of orphan receptors. 42 
Because RXR is a ligand-binding partner in combination with orphan receptors, RXR ligands appear to be more versatile than RAR ligands in the activation of retinoic 
acid and other pathways.

The natural and synthetic retinoids, including all-trans, 13-cis, and 9-cis retinoic acid, all exist as stereoisomers, spontaneously interconverting in the intracellular 
space. For that reason, treatment with these retinoids nonselectively activates both RARs and RXRs. In contrast, several of newer synthetic retinoids are being 
developed that are capable of binding specifically to individual nuclear retinoids, thus allowing a degree of selectivity in the enhancement of the desired effects of 
certain retinoids with reduced side effects. For example, a retinoid specific only for RAR-b may avoid inducing dermatologic side effects that have been caused by 
activation of RAR-g. The overall goal is to enhance the potential therapeutic effects of specific retinoids while limiting the toxic effects caused by the widely used 
natural retinoids.44

Retinoid receptors affect gene transcription either directly or indirectly. This phenomenon is illustrated by the receptor interaction with activator protein-1 (AP-1), which 
is an important regulator of cellular proliferation and inflammation. 45,46 and 47 The mechanism of this interaction was explored by Kamei and co-workers 48 who 
demonstrated that retinoid-mediated inhibition of AP-1 activity appears to be the result of competition between nuclear retinoid receptors and AP-1 for binding to a 
transcriptional coactivator. This coactivator is found in limited quantities in the cell and thus is the rate-limiting step for both the retinoid receptors and AP-1. 48 
Synthetic retinoids have been developed that selectively inhibit AP-1 without activating nuclear receptors. 49 These AP-1 (transcriptional activator protein-1) selective 
synthetic retinoids have been found to be potent antiproliferative agents in a number of tumor-derived cell lines 45,49 and are capable of reversing the squamous 
differentiation of bronchial epithelial cells. 50 Their toxicity profile may be favorable compared with their less-specific precursors, as retinoid toxicity has been linked to 
retinoid receptor activation.

Recent evidence suggests that the loss of specific of RARs might be involved in the promotion of lung carcinogenesis. Xu and colleagues examined transcripts of 
nuclear retinoid receptors using digoxigenin-labeled riboprobes specific for RAR-a, RAR-b, and RAR-g in formalin-fixed, paraffin-embedded specimens from 79 
patients with non–small cell lung cancer (NSCLC) and as a control in specimens from 17 patients without lung cancer. 51 Northern blotting and in situ hybridization 
techniques were used. All receptors were expressed in at least 89% of control normal bronchial tissue. RAR-a, RXR-a, and RXR-g were expressed in more than 95% 
of the NSCLC specimens. In contrast, RAR-b, RAR-g, and RXR-b expression was detected in only 42%, 72%, and 76% of NSCLC samples, respectively. These data 
suggest that the expression of RAR-b and possibly also of RAR-g and RXR-b is suppressed in a large percentage of patients with lung cancer.

Further work in the area of retinoid biology and pharmacology has focused on the study of retinoid resistance. Clinical de novo retinoid resistance occurs in 40% of 
oral premalignant lesions and appears to develop over time in many lesions that had previously responded to retinoid treatment. 44 The mechanisms that underlie 
retinoid resistance are not yet well defined. However, the frequency with which clinical resistance is encountered has resulted in the evaluation of novel retinoids such 
as 4-N-(hydroxyphenyl) retinamide (4-HPR), which does not appear to bind any of the retinoid receptors but is a potent in vitro inducer of apoptosis.44,52 Retinoids also 
appear to have potent effects when combined with other cytotoxic or cytostatic agents. Shalinsky and colleagues. 53 demonstrated that 9-cRA combined with cisplatin 
in human oral squamous carcinoma xenografts in nude mice shows enhanced antitumor efficacy bordering on synergism. Thus retinoids alone or in combination with 
other cytotoxic53 or biologic54,55 agents have the intriguing potential to reverse preneoplastic lesions. The preclinical demonstration of efficacy as well as the extensive 
epidemiologic data previously cited has led to the integration of retinoids into clinical chemoprevention trials in upper aerodigestive tract cancers as well as lung 
cancer.

Carotenoids

b-carotene is of interest because it is a natural agent with few toxic effects and is the prototype of a class of compounds known as carotenoids. Epidemiologically, 
several retrospective and prospective trials have demonstrated an inverse correlation between dietary carotenoid intake (largely in vegetables and fruits) and the 



incidence of lung cancer, most specifically squamous cell carcinoma. 56,57 and 58 The main known side effect of b-carotene was thought to be yellowing of the skin.

Other Agents

N-acetylcysteine, a substance that decreases glutathione levels, is also being evaluated in some lung cancer trials. 59 Another often-studied agent is a-tocopherol 
(vitamin E), which is a natural agent with strong antioxidant properties. Epidemiologic evidence suggests that a-tocopherol intake has an inverse correlation with the 
incidence of lung cancer. A recent clinical trial with this agent showed its efficacy in patients with oral leukoplakia. 60 The toxicity of a-tocopherol (vitamin E) is minimal, 
and there is some evidence to suggest a-tocopherol may abrogate the toxicity of retinoids, making this type of combination of a-tocopherol with a retinoid extremely 
promising for future clinical development. 61

The success of chemopreventive clinical trials in patients with head and neck cancers spawned interest in chemopreventive strategies for lung cancer. Both cancers 
occur in the aerodigestive tract, and tobacco use is a likely cause in both diseases (Field Cancerization, Figure 25.1). Exposure of the entire aerodigestive tract to 
repeated carcinogenic insult (that is, smoke) results in field cancerization or changes throughout the field. These changes yield multiple independent foci of 
premalignant lesions that progress at different rates to form multiple primary cancers. The 4% to 7% annual incidence of second primary tumors in patients with lung 
and head and neck cancer supports this theory.

STUDY END POINTS IN CHEMOPREVENTION TRIALS

Using cancer development as an end point (still a rare event) results in large, costly randomized studies. One approach to reducing the number of subjects required to 
demonstrate activity in chemoprevention trials is to use intermediate biologic end points to define the activity of an agent before its evaluation in large clinical studies 
with cancer as a primary end point. This is often referred to as reversal of premalignancy. Potential intermediate markers could include general changes in the 
epithelium, such as metaplasia, or more specific markers, such as cytogenetic or molecular changes.

Reversal of Premalignancy

One of the major problems in studies attempting to reverse premalignancy has been the difficulty in defining consistent premalignant changes in the bronchial 
epithelium. Investigators have used both cytologic changes in sputum and histologic changes in bronchial biopsy samples from metaplasia to dysplasia as markers of 
risk. Reversal of these premalignant changes to normal tissue has been regarded as a potential intermediate end point for the chemoprevention of lung cancer. 
Saccomanno and colleagues were among the first to evaluate changes in sputum cytology induced by retinoids. 62 Patients with at least moderately atypical 
metaplasia were treated with 13cRA, 1 to 2.5 mg per kg per day. Sputum atypia did not improve with retinoid treatment, but alterations were noted in cellular 
morphology.

In general, studies focusing on sputum analysis from chronic smokers have shown a wide spontaneous variation in the degree of atypia over time and no consistent 
effect from retinoids30,31,60,61,62,63 and 64 (Table 25.1).

TABLE 25.1. COMPLETED RANDOMIZED CHEMOPREVENTION TRIALS IN LUNG CANCER

In an effort to develop a more dependable, semiquantitative assay, Mathe and co-workers described the metaplasia index (MI) to quantitate the degree of squamous 
metaplasia in bronchial biopsies from six specific anatomic sites. 63 The MI was defined as the number of samples with metaplasia divided by the total number of 
samples analyzed, multiplied by 100. MIs were documented pre- and posttreatment in a single-arm trial of smokers receiving etretinate (25 mg per day for six 
months).63 This trial demonstrated a decrease in the MI following etretinate therapy from 34.57% to 26.96% after six months of treatment. Of note was that MI 
decreased to 0% in four patients who ceased smoking, though these patients were excluded from the overall analysis. While the difference was significant, there was 
unfortunately no control group to assess the natural history of bronchial metaplasia in untreated patients. Arnold and associates, in a study that evaluates the efficacy 
of etretinate, used atypia in sputum cytology specimens as an end point. 65 Patients with moderate or severe sputum atypia were randomized to receive either 
etretinate (25 mg per day) or a placebo. At the completion of six months of treatment, an improvement in sputum atypia was noted in subjects in both the etretinate 
and placebo groups (32.3% and 29.8% of the patients, respectively), and no real benefit was seen.

These findings, however, were confirmed by those of Lee and colleagues. 31 In this trial, 93 smokers with metaplasia or dysplasia quantitated at baseline using the MI 
were randomized to 13-cis retinoic acid (13cRA, 1 mg per kg per day) or placebo for six months. 31 Subjects completed the trial and underwent repeat bronchoscopy. 
Posttreatment biopsy samples demonstrated a similar rate of decrease in the MI in both trial arms that was most strongly associated with smoking cessation. Clearly, 
future trials of this sort will need to be placebo-controlled to correct for multiple variables such as smoking cessation, sampling differences, and spontaneous 
regression that can influence the final outcome.

PRIMARY PREVENTION IN HIGH-RISK POPULATIONS

Based on epidemiologic data, which indicated an inverse correlation between cancer risk and dietary b-carotene, b-carotene has been the major agent studied in 
primary prevention of lung cancer. 58,66,67,68 and 69 Three large primary prevention trials using b-carotene with or without a-tocopherol or retinol have been completed. 
Interestingly, two of the three trials have documented an increased incidence of lung cancer in the treatment arms with b-carotene ( Table 25.1), certainly an 
unexpected result.

The Finnish ATBC trial, the largest of its kind, randomized 29,133 male smokers in southwest Finland aged 50 to 69 years to one of four regimens, using a 2 × 2 
factorial design. The regimens were a-tocopherol (50 mg per day) alone, b-carotene (20 mg per day) alone, both agents, or placebo. 66 The participants in the ATBC 
trial continued the interventions for five to eight years; compliance was excellent as more than 80% of subjects took at least 95% of their assigned medications. The 
median length of follow-up on the study was 6.1 years. Over the course of the study, 876 new cases of lung cancer were diagnosed. Patients receiving b-carotene had 
an 18% increased incidence of lung cancer (p = 0.01) and an 8% increased mortality rate. a-tocopherol administration failed significantly to alter either lung cancer 
incidence or overall mortality rate. The primary cause of increased mortality in the b-carotene group included lung cancer, ischemic heart disease, and hemorrhagic 
strokes. Subsequent analysis of these data demonstrated a trend to increased risk after b-carotene treatment in heavy smokers (more than or equal to one pack per 
day) and in those who had high ethanol intake (more than 11 g per day). 67 The surprising results from this study were not only the failure of b-carotene to demonstrate 
a protective effect but also the suggestion that supplemental pharmacologic doses of b-carotene might be harmful to smokers. Therefore, this study demonstrates that 
caution must be used when relying completely on epidemiologic data to design large randomized clinical trials.

Accrual to another primary prevention trial performed in the United States was stopped early due to similar findings. This study, conducted by the University of 
Washington at Seattle, was designated the Carotene and Retinol Efficacy Trial (CARET) study and randomized a total of 18,314 smokers, former smokers, and 
people with a history of asbestos exposure to a combination of b-carotene (30 mg per day) and retinol (25,000 IU per day), in the form of retinyl palmitate (vitamin A), 



or placebo in a double-blind fashion. 68,70 Toxic effects were not a significant problem and consisted mostly of mild skin yellowing in subjects who received b-carotene. 
After a mean follow-up period of four years, accrual was suspended due to an increased relative risk of lung cancer and death due to lung cancer in the treatment arm 
(hazard ratio 1.28 versus 1.46, respectively). As in the ATBC trial, excess lung cancer incidence was most associated with current smoking and the highest quartile of 
ethanol intake.70

The mechanism of enhancement of lung carcinogenesis by supplemental b-carotene (alone or in combination with retinol) in smokers has not yet been defined. The 
most plausible theory at this time suggests a pro-oxidant effect of b-carotene in the damaged lungs of individuals who continue to smoke heavily, 71 but this has yet to 
be firmly established. In light of the data from the CARET and ATBC trials, current smokers should not use b-carotene supplements.

A third trial, of male physicians in the United States, of whom only 11% were current smokers, randomized 20,071 participants to b-carotene (50 mg four times per 
day) or placebo.69 Neither benefit nor harm was demonstrated from the intervention in terms of the incidence of malignant neoplasms, cardiovascular disease, or 
death from all causes.

Several pilot studies are currently looking at patients previously exposed to asbestos fibers or tin dust. A pilot study of 816 patients was recently completed evaluating 
daily doses of retinyl palmitate (25,000 IU) and b-carotene (30 mg). 72 Tin miners in southern China have an annual incidence of lung cancer exceeding 1%. In a pilot 
study in this population, 358 people were randomized to receive vitamin A (25,000 IU), b-carotene (50 mg), vitamin E (800 IU), selenium (400 µg), or placebo in a trial 
with a 2 × 4 factorial design. Compliance has exceeded 90%, and toxicity has not been a problem. 72 Results from this study are pending.

PREVENTION OF SECOND PRIMARY TUMORS

As previously discussed, patients with a prior history of aerodigestive tract malignancies are at an increased risk of developing a second primary tumor (SPT), 
particularly lung cancer, making this population perhaps at the highest risk for developing lung cancers. Three randomized trials designed to reduce the incidence of 
second primary tumors in patients with an index cancer lesion of the head and neck or lung have now been completed. Two of these three trials have demonstrated 
an impact on tobacco-related cancer with retinoid treatment ( Table 25.2).

TABLE 25.2. RANDOMIZED TRIALS OF RETINOIDS IN HUMAN CANCER CHEMOPREVENTION OF SECOND PRIMARY CANCERS

In a study by Hong and colleagues5 in 1991, 103 patients with the prior diagnosis of squamous cell cancer of the head and neck treated with surgery, radiotherapy, or 
both were randomized to receive either high-dose 13cRA (50 to 100 mg per m 2 per day) or a placebo for one year. Although originally conceived as an adjuvant trial, 
this study did not demonstrate any impact of treatment on locoregional recurrence or metastatic disease. However, with a median follow-up period of 32 months, 
second primary tumors developed in only two (4%) of the treated patients as opposed to 12 (24%) of patients receiving placebo. Of particular note, 93% (13 of 14) of 
the second primary tumors observed were in the carcinogen-exposed field of the upper aerodigestive tract, lungs, and esophagus. Recent reanalysis of this trial at a 
median follow-up period of 4.5 years demonstrated 16 second primary tumors in the placebo group and only seven in the 13cRA group. 73 Three lung cancers were 
found in the retinoid group versus nine in the placebo group. Therefore the effect of 13cRA persisted for approximately two years after the cessation of 13cRA in the 
retinoid arm. These promising results are offset somewhat by the significant toxic effects on mucocutaneous tissues associated with 13cRA that necessitated a 
marked dose reduction among one third of the patients during one year of therapy (from 100 to 50 mg per m 2 per day). Despite the decreased dose, toxicity in this 
study remained significant. Unfortunately, 13cRA at the dose used is difficult to tolerate for extended periods of time, and many patients are unwilling to continue 
taking the medication, especially populations at lower risk of developing cancer. Recent trials of 13cRA in the treatment of patients with oral leukoplakia have 
demonstrated a possible way to decrease toxicity using lower doses for more prolonged periods. 74 Hence newer studies in lung cancer chemoprevention, including a 
large randomized phase III study, now use a lower dose.

A second trial, by Bolla and colleagues, 75 randomized 316 patients with prior squamous cell cancer of the oral cavity or oropharynx to etretinate (50 mg per day for 
one month, followed by 25 mg per day for two years) or a placebo. After a median follow-up time of 41 months, treatment was not observed to affect incidence of 
either SPT or recurrent disease. The results of this trial were notable for the high rate of SPT (23% of patients), 79% of which were clearly tobacco-related.

In the only completed chemoprevention study of patients with an index diagnosis of lung cancer, Pastorino et al. 76 randomized 307 patients who had been surgically 
cured of stage I NSCLC to receive either high-dose retinyl palmitate (300,000 IU per day for one year) or a placebo. The retinyl palmitate (vitamin A) was well 
tolerated in this study; only five patients required cessation of drug because of toxic effects. Fewer primary disease recurrences were noted in the group that received 
retinyl palmitate, but the difference was not statistically significant. The retinyl palmitate treatment was associated with an overall reduction in SPT: there were 18 in 
that group (12%) versus 29 (18%) in the retinyl palmitate and placebo arms, respectively. Considering only tobacco-related tumors, the data are more striking, with 13 
SPT in the retinoid arm versus 25 in the placebo arm, and this difference achieved statistical significance. In contrast to 13cRA, the retinyl palmitate was well tolerated 
by patients, and compliance over one year of treatment exceeded 80%.

Building on the results of these two positive trials, two large trials are underway to determine definitively the role of retinoids in preventing second primary tumors 
(Table 25.3). These current trials include a National Cancer Institute (U.S.) sponsored phase III trial of low-dose 13cRA (30 mg per day for three years) versus 
placebo in patients who have undergone curative resection for stage I NSCLC. Patients will receive follow-up care for four years after treatment ends to assess 
reduction in SPT incidence. Accrual of patients to this study was completed in April of 1997, with approximately 1,485 patients registered. 77 Similarly, the Euroscan 
study is evaluating the efficacy of retinyl palmitate (300,000 IU per day) and the antioxidant N-acetylcysteine (600 mg per day) in the prevention of SPT following the 
definitive therapy of early-stage squamous cell carcinoma of the head and neck or fully resected stage I, II, or IIIA (T3N0 only) NSCLC (based on the prior study 
already described).78 This study has a 2 × 2 factorial design; study participants received either retinyl palmitate alone or N-acetylcysteine alone, both drugs, or 
placebo for two years and then four years' follow-up care. 78 As of the most recent report of the data on 2,440 participants (1,449 head and neck cases, 991 lung 
cases), there have been 204 recurrences (27% in the patients with lung cancer). There were a total 133 SPTs (5.5%) with 83 in the head and neck group (5.7%) and 
50 in lung group (5.0%).78



TABLE 25.3. SELECTED ONGOING CHEMOPREVENTION TRIALS IN LUNG CANCER AND HEAD AND NECK CANCER

FUTURE DIRECTIONS

Future directions include improved epidemiological models of lung cancer risk to identify high-risk patients for studies. Following this, we will need better to define 
those patients most likely to benefit from these interventions and target them for chemoprevention studies.

The ongoing phase III trials offer a combination of caution and promise. Given the dismal five-year survival rates of patients with an established diagnosis of lung 
cancer and the failure of early detection methods to affect overall survival rates, careful construction of a molecular model of lung carcinogenesis is vital to the 
development and testing of effective chemopreventive compounds. Although epidemiologic data have provided clues to compounds that may functionally retard the 
carcinogenic processing lung tissue, the b-carotene trials warn against the direct application of epidemiologic data into the clinical setting.

Most promising is the study of intermediate end point markers that could substantially reduce the cost, effort, and time required to complete large randomized 
chemoprevention trials. Trials that use cancer incidence as their primary end point usually require thousands of patients and cost several million dollars to complete. 
No less significant is the time required, with a minimum of five to ten years needed to ascertain whether the intervention was successful, equivocal, or harmful. The 
discovery of potentially valuable intermediate end point markers such as RAR-b is of pivotal importance. Other important genetic markers, including LOH at 
chromosomes 3p, 9p, and 17p and the potential role of the p53 tumor-suppressor gene (as well as other tumor-suppressor genes such as the retinoblastoma gene) 
need to be carefully and prospectively studied to further clarify the biology and molecular genetics of lung carcinogenesis. With knowledge of lung cancer biology, the 
physician can select useful intermediate end point markers with which to study promising chemopreventive compounds. Once these compounds are shown to be 
effective in the reversal of preneoplastic disease, they can be taken to larger primary prevention trials. This careful marriage between molecular biology and clinical 
investigation is likely to provide the framework for development of chemopreventiveregimens for individuals at high risk for lung cancer.

The magnitude of the lung cancer problem (in most cases due to tobacco use) has inspired research into lung cancer causation and the active development of 
specific agents capable of reversing the carcinogenic process. The fact that former smokers remain at increased risk for lung cancer development 2,11,79,80 
epidemiologically and the now proven fact that known genetic mechanisms for this process exist 20,37,80 have led to an increased focus on chemopreventive trials in 
former smokers. Given the increased lung cancer incidence in active smokers who received b-carotene 66,67,69,70 current chemopreventive interventions are 
increasingly targeting former smokers, and chemopreventive strategies at this time have no role in standard practice outside the context of a clinical trial.

Two large randomized lung cancer prevention trials are underway. Currently investigators at the M. D. Anderson Cancer Center have launched a randomized, 
placebo-controlled, double-blind trial of 13cRA plus a-tocopherol (to attenuate toxicity) 81 versus a novel retinoid, 9-cis-retinoic acid, which binds both RAR-RXR 
heterodimers and RXR-RXR homodimers, versus placebo in former smokers with or without cancer. Because former smokers can have persistent genetic deletions 
even in the absence of visible histologic abnormalities, all former smokers who have smoked at least 20 pack-years are eligible for participation in this study. The 
study population will comprise 225 former smokers, and accrual is expected to be complete in the year 2000. 81 Among the parameters being evaluated are the 
reversal of metaplasia, dysplasia, or both, the presence of persistent genetic lesions at the sites of specific tumor suppressor genes, and the loss of and possible 
upregulation of RAR-b.

Data from Oridate and associates82 indicate that 4-HPR, a novel synthetic retinoid that does not appear to bind nuclear retinoid receptors, can induce apoptosis in 
cervical carcinoma cells by inducing reactive oxygen species. This work has been applied to lung cancer cell lines, and it appears that 4-HPR may be more effective 
than all-trans retinoic acid in inducing apoptosis in head and neck squamous carcinoma cell lines. 51 This has led to increased enthusiasm for the incorporation of such 
novel and nontoxic retinoids into chemoprevention trials.

Furthermore, recent data49 have identified several synthetic retinoids that can specifically activate retinoid response networks, thereby selectively inducing specific 
biologic responses. These molecules appear preferentially to cause the induction of apoptosis in human lung cancer cells in vivo in animal models, thereby providing 
a potential role for selective retinoids in lung cancer therapy as well as chemoprevention.

Finally, other small molecules and routes of delivery may be equivalent and possibly even superior to oral retinoids. Recent compelling data from Wiedmann and 
colleagues on the use of budesonide, an aerosolized glucocorticoid, in the reversal of lung adenomas in mice, suggest that aerosolized delivery of chemopreventive 
compounds may be a provocative and ultimately more successful approach to lung chemoprevention. 83 The addition of other biologic agents, such as interferon or 
other antiangiogenic agents, is also being explored.

Hence the challenge of the next few years is to employ selective and highly specific chemopreventive compounds against new molecular targets. 84 The careful design 
and implementation of clinical chemoprevention trials, along with continued advances in the understanding of the principles of lung carcinogenesis and the 
development of novel, increasingly effective compounds with improved drug delivery techniques, should lead to significant advances in lung cancer chemoprevention.
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CLASSIFICATION

Lung cancer is currently the most common worldwide cause of major cancer incidence and mortality. 1 It is estimated that lung cancer will account for more than 
187,000 new cases in the United States during 1999 and more than 164,000 cancer deaths. 2 Although lung cancer incidence in the United States began to decline in 
males in the early 1980s,3 it continues to increase in women.4

Accurate pathologic classification of lung cancer is essential for patients to receive the appropriate therapy. Although classification of the vast majority of lung cancers 
is straightforward, areas of controversy and diagnostic challenges remain. Lung cancer diagnosis is based primarily on light microscopy, but useful information can be 
obtained from special techniques such as immunohistochemistry and electron microscopy. This chapter focuses primarily on histologic and cytologic approaches to 
the diagnosis and classification of the major subtypes of lung cancer, with special attention on neuroendocrine lung tumors. Electron microscopy is also discussed in 
detail in this chapter. Immunohistochemistry, flow cytometry, and molecular biology are mentioned only briefly because they are addressed in other chapters.

The most widely accepted histologic classification for lung tumors is that proposed by the World Health Organization (WHO) which was revised in 1999 ( Table 26.1). 
The major histologic types of lung cancer are squamous cell carcinoma, adenocarcinoma, small cell lung carcinoma (SCLC), and large cell carcinoma. These four 
tumors can be subclassified into more specific subtypes such as the bronchioloalveolar carcinoma (BAC) variant of adenocarcinoma. 6 In addition, there are other less 
common lung tumors, such as carcinoid tumors (Table 26.1). A more extensive discussion of the pathology of lung tumors with greater detail on uncommon lung 
tumors than is possible here can be found in several textbooks. 6,7,8,9 and 10

TABLE 26.1. WHO/IASLC HISTOLOGIC CLASSIFICATION, 3rd ED., 1999*

SHIFTS IN HISTOLOGIC TYPE BY SEX, RACE, AND AGE

The sex and race distribution for the various histologic subtypes of lung cancer has shifted over the past several decades ( Figure 26.1).11 Population-based data 
gathered by the National Cancer Institute's (NCI) Surveillance, Epidemiology, and End Results (SEER) Program demonstrated that the age-adjusted rate (AAR) for 
lung cancer for all race-sex groups combined has risen sharply since 1950. 11,12 From 1969 to 1991, the overall AAR of lung cancer incidence rose from 37.8 to 68.2 
per 100,000.3 However, the percentage increase has diminished in recent years. 2,3 and 4 Lung cancer rates for both black and white men peaked and began to decrease 
around 1984. Although rates continue to increase for women of both races, this decrease has diminished in recent years. 3,4,11



FIGURE 26.1. Age-adjusted rates per 100,000 person years for all races and both sexes for each five-year time period (1973–1977, 1978–1982, and 1983–1987) for 
all lung carcinomas as well as for the four major histologic subtypes of lung carcinoma. (From Travis WD, Travis LB, Devessa LS. Lung Cancer. Cancer 1995;75:191, 
with permission.)

In white and black males, the rates of squamous cell carcinoma, SCLC, and large cell carcinoma declined after peaks in 1981 and 1982, 1986 and 1987, and 1986 
and 1988, respectively.3 In addition, the rates for adenocarcinoma in black males peaked in 1987, whereas the rates in white males appeared to have plateaued 
between 1989 and 1991.3 Lung carcinoma AAR among white and black females continued to increase for all histologic types, except for large cell carcinoma among 
whites and BAC among whites and blacks. Most of these changes reflect past cigarette smoking patterns. Demonstration of declines and tapering increases among 
several population subgroups suggests that reductions will occur soon in the overall incidence and mortality rate for this highly fatal cancer.

These shifts in the AAR have resulted in adenocarcinoma surpassing squamous cell carcinoma as the most common histologic type of lung cancer for all sex-race 
groups (Table 26.2, Figure 26.2).13,14 and 15 The change is caused by not only an increase in adenocarcinoma but also a decrease in squamous cell carcinoma in men. 
Carcinoid tumors represent the most common lung malignancy in patients under 30 years of age. 11

TABLE 26.2. FREQUENCY AND AGE-ADJUSTED RATE (AAR) PER 100,000 POPULATION FOR ALL RACES, BOTH SEXES: 1983–87*

FIGURE 26.2. Percent histology distribution of the four major subtypes of lung cancer for all races and both sexes over the three time intervals 1973–1977, 
1978–1982, and 1983–1987. (From Travis WD, Travis LB. Devessa LS. Lung Cancer. Cancer 1995;75:191, with permission.)

One study by El-Torky et al. suggested a substantial increase in the frequency of SCLC in women. 16 Although data from the SEER program indicated that the AAR for 
SCLC increased between 1973–1987, only a slight increase occurred in its relative frequency in both men and women. 11

Several studies have suggested that the frequency of BAC is increasing. 17,18 However, this theory was not confirmed by data from the SEER program, which showed a 
slight decrease in the percentage of lung cancers diagnosed as BAC and no significant change in the AAR. 11

The peak age-specific rates for the 1983–1987 year period in the SEER data occurred at approximately 70 to 74 years of age for each major histologic type of lung 
cancer.11 Squamous cell carcinoma was the most common histologic type among persons 65 years and older, whereas adenocarcinoma predominated among 
younger individuals.

These shifts in histologic types and sex/race distribution may result from differences in smoking habits or other dietary, host, environmental, and/or occupational 
factors.

PATHOLOGY

General Pathologic Features

The pathologic diagnosis of lung cancer can be established by examination of cytologic or surgical pathology specimens. 6 The certainty of the diagnosis may depend 
on the amount of tumor in the specimen and how well the tumor cells are preserved. In general, surgical pathology specimens are more likely to provide diagnostic 
material than cytologic specimens; however, in some cases cytology may provide more diagnostic information than the histology of biopsies. Histologic specimens 
may be from bronchoscopic or needle biopsies and open biopsy procedures such as thoracoscopy, excisional wedge biopsy, lobectomy, or pneumonectomy.

The location of the tumor and the condition of the patient may influence the type of specimen that can be obtained. Central tumors are often best sampled with 
bronchoscopic biopsies or sputum cytology, whereas specimens from peripheral tumors may be more readily procured sampled by transbronchial biopsies or 
fine-needle biopsies.

Pathologic Staging



Pathologic characteristics important for staging of lung cancer can be considered according to the various T categories ( Table 26.3) (see also Chapter 32). TX tumors 
are diagnosed by cytology alone in patients without a radiographically detectable or bronchoscopically visible tumor. Tumor size is important in separating T1 from T2 
lesions because T1 tumors are 3 cm or less in greatest dimension. Visceral pleural invasion is absent in T1 tumors, but its presence in a tumor of any size makes the 
tumor at least a T2 lesion. If a tumor involves the main bronchus, 2 cm or more distal to the carina, it is regarded as a T2 lesion. The presence of atelectasis or 
obstructive pneumonitis that extends to the hilar region but involves less than an entire lung also makes a tumor of any size at least a T2 lesion. A tumor of any size is 
regarded as a T3 lesion if it extends into the chest wall (including superior sulcus tumors), the diaphragm, the mediastinal pleura or parietal pericardium without 
involving the heart, great vessels, trachea, esophagus, or vertebral body. If it causes atelectasis or obstructive pneumonitis of the entire lung, it is also regarded as a 
T3 lesion. A tumor of any size is a T4 lesion if it invades the mediastinum, heart, great vessels, trachea, esophagus, vertebral body, or the carina. Lung cancers are 
also regarded as T4 lesions if they cause separate tumor nodule(s) in the same lobe or a malignant pleural effusion. 19

TABLE 26.3. ANATOMIC CHARACTERISTICS OF THE PRIMARY TUMOR IMPORTANT FOR STAGING

Assessment of lymph node involvement is also important. NX is applicable if regional lymph nodes cannot be assessed. NO signifies no lymph node metastases. N1 
indicates metastases to ipsilateral peribronchial and/or ipsilateral hilar lymph nodes and intrapulmonary nodes, including involvement by direct extension. N2 applies 
to cases with metastases to ipsilateral mediastinal lymph nodes or subcarinal lymph nodes. N3 corresponds to metastases to contralateral hilar or mediastinal, 
ipsilateral or contralateral scalene or supraclavicular lymph nodes. All lymph nodes submitted with a surgical resection specimen should be examined histologically. 
Grading of tumors is based on the area of worst differentiation. GX is used when the grade of differentiation cannot be assessed. G1, G2, and G3 represent well, 
moderately, and poorly differentiated, respectively. G4 represents an undifferentiated tumor. 6

Synchronous Primary Lung Cancers and Intrapulmonary Satellite Lesions

Synchronous primary lung cancers occur in approximately 0.5% of lung cancer patients. 20,21,22,23 and 24 By definition, synchronous primary lung cancers consist of 
concurrent, separate, malignant lung epithelial neoplasms with different histology or tumors of similar histology arising in different locations (segments, lobes, or 
lung).20 Some definitions also require that tumors of the same histology not only be in a different segment of a lobe or the lung, but that the following criteria also be 
met: (a) origin from carcinoma in situ (b) no carcinoma in lymphatics common to both, and (c) no extrapulmonary metastases at the time of diagnosis.25 A recent study 
found synchronous non–small cell lung carcinoma (NSCLC) in 0.8% of 3,034 lung cancer patients and suggested that the prognosis for patients with synchronous 
NSCLC may not be dismal if both tumors are resectable and stage I or II. 26

Satellite nodules can be encountered in 8% to 10% of resected lung cancer specimens. 27,28 They are defined as well-circumscribed foci of carcinoma adjacent to but 
clearly separated from the main tumor by normal lung parenchyma.27 The satellite nodule should have the same histology as the main tumor, but it should not 
represent an intrapulmonary lymph node metastases.27 The presence of satellite nodules has a significantly adverse effect on prognosis, especially for patients with 
stage I disease.27

General Histologic Features

The major histologic subtypes of lung cancer include squamous cell carcinoma, adenocarcinoma, SCLC, and large cell carcinoma ( Table 26.1),6 but because major 
differences exist in the therapeutic approach to patients with SCLC versus NSCLC, the major question often asked of pathologists is whether a lung cancer is an 
SCLC or an NSCLC. This differential diagnosis is discussed in a following section under the topic of SCLC.

The majority of lung cancers are histologically heterogeneous, which impacts on diagnosis of lung cancer because it is a potential source of variation in interobserver 
interpretation.6 It is seldom recognized in bronchoscopic biopsy specimens because of the small sample of tissue. Histologic heterogeneity was thoroughly 
documented in a study of 100 surgically resected (n = 65) or autopsy (n = 35) lung cancer specimens reviewed by five lung pathologists. 28 Only 34% of the cases 
were homogeneous according to the majority of the panelists. Major heterogeneity (adenocarcinoma versus squamous cell carcinoma) was identified in 45% of the 
cases. Minor (subtype) heterogeneity (e.g., mixtures of acinar and papillary patterns in adenocarcinoma) was found in 21% of the cases. 29 Histologic heterogeneity 
also contributes to the “discrepancy” between the bronchoscopic biopsy interpretation compared to the pathologic diagnosis in subsequent resection specimens, 
which can occur in up to 38% of cases.30 Therefore, in small bronchoscopic biopsy specimens, if unequivocal squamous cell or adenocarcinomatous differentiation is 
not seen and the tumor is an NSCLC, the best diagnosis is often “ non–small cell carcinoma.”

Heterogeneity also exists at the ultrastructural level. 31,32,33,34 and 35 Several ultrastructural studies have shown that electron microscopy is more sensitive in detecting 
features of squamous or glandular differentiation than light microscopy. 31,32,33,34 and 35 Thus by electron microscopy, lung cancers appear even more heterogeneous 
than by light microscopy. Also, by electron microscopy a high percentage of large cell carcinomas show features of squamous cell or adenocarcinoma. 32,35 Thus the 
percentage of lung carcinomas classified as adenosquamous carcinomas by electron microscopy is much greater than by light microscopy. 31

PREINVASIVE LESIONS

In the 1999 WHO International Association for the Study of Lung Cancer (ASLC) histologic classification of lung tumors, preinvasive lesions include squamous 
dysplasia/carcinoma in situ atypical adenomatous hyperplasia (AAH), and diffuse idiopathic pulmonary neuroendocrine cell hyperplasia (DIPNECH). 6 AAH and 
DIPNECH are two new lesions that were added since the 1981 classification was proposed. They are thought to be precursor lesions for adenocarcinomas and 
carcinoids, respectively.

In Situ Squamous Cell Carcinoma

In situ carcinoma of the bronchial epithelium is recognized for squamous cell carcinoma but not for the other histologic subtypes of lung carcinoma. It is the 
cytologically malignant end of the spectrum of squamous dysplasia and carcinoma in situ. By gross examination, in situ squamous cell carcinoma is characterized by 
loss of the normal longitudinal ridges of the bronchial mucosa, often with mucosal thickening and erythema. 36 In a resected specimen, careful mapping of the 
bronchial lesions and serial blocking of the bronchi may be helpful to document the extent of the process. Invasive carcinoma is often found in association with in situ 
carcinoma. If the invasion is early, it may appear grossly as a nodular mucosal thickening or ulceration.

Histologically, in situ carcinoma is characterized by full-thickness cytologic atypia of squamous epithelium. The cells show an increased nuclear to cytoplasmic ratio 
and nuclear hyperchromasia. Mitoses may be seen extending up to the surface of the squamous epithelium. Rarely, one may encounter a thin layer of maturation at 
the surface of the epithelium over the in situ carcinoma. Although the adjacent mucosa may show signs of dysplasia, in most cases an abrupt transition occurs from 
normal epithelium to in situ carcinoma.36 In situ carcinoma can involve submucosal glands without penetrating the subepithelial basement membrane. Squamous 



dysplasia and in situ carcinoma does not necessarily progress to invasive carcinoma; evidence suggests that they may regress to normal mucosa. 37,38,39 and 40

The concept of roentgenographically occult carcinoma is applied to those lung cancers that are not visible on chest x-ray but shed tumor cells into the sputum. 41,42 and 

43 Virtually all of these tumors are squamous cell carcinomas and many have some degree of in situ cancer.41,42 and 43 In a study of 68 surgically resected specimens 
from such patients, Woolner et al. classified these cases into the following categories: carcinoma in situ (34%), intramucosal invasion: less than 0.1 cm (18%), 
invasion to bronchial cartilage: 0.11–0.30 cm (16%), deep invasion to full thickness of the bronchial wall: 0.31–0.5 cm (14%), and extrabronchial invasion: more than 
0.5 cm (18%).44 Nagamoto et al. divided occult squamous cell carcinoma into a creeping and a penetrating type. 45 Most cases are the creeping type, which shows 
extensive superficial growth. The penetrating type shows a marked downward growth and tends to become advanced more rapidly. 45 Metastases are not seen in 
tumors that do not invade beyond the subepithelial basement membrane. 44,46,47 According to Nagamoto, lymph node metastases are seen only in radiographically 
occult lung cancers with a length of longitudinal extension greater than 20 mm. 42 These patients are at increased risk for multicentric synchronous or metachronous 
lung carcinomas.44,48

Atypical Adenomatous Hyperplasia

AAH is a bronchioloalveolar proliferation that is worrisome but does not meet criteria for bronchioloalveolar carcinoma. 48,49,50 It is considered a precursor to 
adenocarcinoma (Figure 26.3A and Figure 26.3B).51 They are most often discovered incidentally as millimeter-sized histologic findings in lung cancer resection 
specimens.

FIGURE 26.3. Atypical adenomatous hyperplasia. A: This millimeter-sized bronchioloalveolar proliferation is ill defined with mild thickening of the alveolar walls. A 
lymphoid aggregate is present (hematoxylin and eosin, 30 × magnification). B: The alveolar walls show mild fibrous thickening, the hyperplastic pneumocytes show 
minimal atypia, and gaps are present between the cells (hematoxylin and eosin, 300 × magnification). (From Travis WD. Pathology of pulmonary incipient neoplasia. 
In: Albores-Saavedra J, Henson DE, eds. Pathology of incipient neoplasia. Philadelphia: WB Saunders, 2000 ( in press), with permission. Case contributed by Dr. M. 
Noguchi, University of Tsukuba, Japan.)

Other published terminology for these lesions includes alveolar cell hyperplasia, 52 atypical alveolar hyperplasia, 53 atypical bronchioloalveolar cell hyperplasia, 54 
alveolar epithelial hyperplasia, 55 and bronchioloalveolar adenoma.56,50

AAH may be found in 5.7% to 21.4% of lung cancer resection specimens. The variable percentage probably results from differences in effort made to look for the 
lesions as well as variation in diagnostic criteria. 50,54,55,57

Because of their small size, AAH are usually incidental histologic findings, but they may be detected grossly, especially if they are 0.5 cm or larger. Processing the 
specimen in Bouin's fixative accentuates the gross visibility of AAH. 50 The lesions appear as ill-defined nodules usually less than 5 mm in diameter. Rarely, AAH may 
exceed 0.5 cm in diameter, and cases have been reported up to 1.0 cm.50,54 Weng et al. found multiple lesions in 6.7% of lung cancer resection specimens and 2% of 
lung specimens resected for metastases.54

Histologically, AAH is a discrete, but ill-defined bronchioloalveolar proliferation ( Figure 26.3A) in which the alveoli and respiratory bronchioles are lined by 
monotonous, slightly atypical cuboidal to low-columnar epithelial cells ( Figure 26.3B). Focally, the alveolar walls may be altered to show a papillary growth pattern. 
Gaps usually exist between the cells. Nucleoli are inconspicuous or absent, but nuclear cytoplasmic inclusions may be seen. The alveolar septa may be slightly 
thickened with interstitial fibrosis, a mild lymphocytic infiltrate, and occasional lymphoid aggregates.

Although AAH has a distinct place in the classification of preinvasive lesions, in many cases it is very difficult to separate from nonmucinous BAC because of the great 
deal of morphologic overlap.58 AAH must be distinguished primarily from the nonmucinous subtype of BAC and type II pneumocyte hyperplasia with interstitial 
inflammation and/or fibrosis.59,60,61 and 62 Separation of AAH from small nonmucinous BAC may be very difficult.6,49,63 The diagnosis of adenocarcinoma is favored if 
there is marked crowding of cells and/or overlapping of nuclei, nuclear atypia, and prominent papillary or invasive growth. Size is useful in that lesions 0.5 cm or 
greater in diameter with cytologic atypia are more likely to represent BAC, but in the absence of atypia, the diagnosis of AAH is still possible. 50

It has not been shown that AAH alters the prognosis of patients with lung cancer. 64 Moreover, little data proves that AAH presenting in patients without lung carcinoma 
will subsequently develop a lung carcinoma. For this reason, a conservative approach is recommended in patients who are incidentally found to have AAH in the 
absence of an associated lung carcinoma.

Diffuse Idiopathic Pulmonary Neuroendocrine Cell Hyperplasia

DIPNECH is a rare condition in which neuroendocrine cells proliferate throughout the peripheral airways in the form of neuroendocrine cell hyperplasia, tumorlets, and 
sometimes carcinoid tumors.6,65,66 and 67 Clinically, it is associated with obstructive airways disease because of the bronchiolar fibrosis. This condition is regarded as a 
precursor to carcinoid tumors because a subset of these patients has one or more carcinoid tumors. 6

In DIPNECH, the neuroendocrine cell hyperplasia and tumorlets are thought to be a primary proliferation in contrast to the much more common situation where these 
lesions are seen as a reactive secondary lesion in the setting of airway inflammation and/or fibrosis. 68,69,70 and 71 Carcinoid tumors are arbitrarily separated from 
tumorlets if the neuroendocrine proliferation is 0.5 cm or larger. 6,10

In DIPNECH, the histologic findings consist of increased numbers of scattered single cells, small nodules (neuroendocrine bodies), or linear proliferations of 
neuroendocrine cells within the bronchiolar epithelium ( Figure 26.4A and Figure 26.4B). Confluent micronodular proliferations of neuroendocrine cells represent 
tumorlets, and if they are 0.5 cm in size or greater, they are called carcinoid tumors. Airway narrowing is often caused by fibrosis or the neuroendocrine proliferations 
and tumorlets (Figure 26.4B).



FIGURE 26.4. Diffuse idiopathic neuroendocrine cell hyperplasia. A: Nodules of hyperplastic neuroendocrine cells are present around the bronchioles (arrows). B: 
This tumorlet is associated with a bronchus (cartilage— top right) and consists of a nodule of neuroendocrine cells. (Case contributed by Dr. Anthony A. Gal, Emory 
University, Atlanta, GA.)

Squamous Cell Carcinoma

Squamous cell carcinoma accounts for approximately 30% of all lung cancers ( Table 26.2).1 Two-thirds of squamous cell carcinomas present as central lung tumors, 
whereas many among the remaining one-third are peripheral. 10,72 Most cavitating lung cancers are squamous cell carcinomas, and virtually all cases show 
intravascular tumor cells adjacent to the tumor. 73 Intercellular bridging, squamous pearl formation, and individual cell keratinization characterize squamous 
differentiation in squamous cell carcinomas. ( Figure 26.5) In well-differentiated tumors, these features are readily apparent; however, in poorly differentiated tumors, 
they are difficult to find (Figure 26.6).74 Squamous cell carcinomas are commonly believed to arise from a progression of squamous metaplasia or basal cell 
hyperplasia with atypia, through dysplasia, carcinoma in situ, and microinvasive carcinoma.75 However, it is also possible that squamous cell carcinoma can develop 
de novo in normal bronchial mucosa.46 Squamous cell carcinoma arises most often in segmental bronchi, and involvement of lobar and mainstem bronchi occurs by 
extension.46 The histologic subtypes of squamous cell carcinoma include papillary, clear cell, small cell, 76 and basaloid variants.6 Papillary squamous cell carcinomas 
often show a pattern of exophytic endobronchial growth. 77,78 Rarely, squamous cell carcinoma of the lung arises in nonirradiated patients with laryngotracheobronchial 
papillomatosis, and these tumors have been shown to contain human papillomavirus DNA. 79,80 A minute squamous cell carcinoma has been reported, arising in the 
wall of a congenital lung cyst.81

FIGURE 26.5. Squamous cell carcinoma, well differentiated. These tumor cells have abundant eosinophilic keratinized cytoplasm and form nests and keratin pearls 
(arrows) characteristic of squamous differentiation (hematoxylin and eosin, 200 × magnification).

FIGURE 26.6. Squamous cell carcinoma, poorly differentiated. This tumor is growing in sheets and shows focal keratinization (arrow) (hematoxylin and eosin, 400 × 
magnification).

Adenocarcinoma

Adenocarcinomas account for a little more than 30% of all lung cancers ( Table 26.2).11 According to the 1999 World Health Organization (WHO) classification, 
adenocarcinomas can be subclassified into five major subtypes: acinar (gland forming), papillary, bronchioloalveolar, solid with mucous formation, and mixed 
adenocarcinoma.5 In addition, several unusual variants of adenocarcinoma include well-differentiated fetal adenocarcinoma, 82 mucinous (“colloid”) adenocarcinoma, 83 
mucinous cystadenocarcinoma,84,85,86 and 87 signet ring carcinoma,88 and clear cell adenocarcinoma.6 The WDFA was previously regarded as the epithelial pattern of 
pulmonary blastoma as defined in the 1981 WHO classification. 188 However, subsequent studies have shown that it represents a variant of adenocarcinoma. 8,90 The 
term pulmonary blastoma is reserved for the biphasic tumors that have a component of WDFA and a primitive sarcomatous component. 6 Two unusual gross patterns 
of adenocarcinoma include the endobronchial polypoid adenocarcinoma 91 and pseudomesotheliomatous adenocarcinoma.92,93 and 94 A single case of adenocarcinoma 
involving the bronchial epithelium in a pattern similar to that of Paget's disease has been reported. 95 Adenocarcinomas have also been reported arising in cystic lung 
lesions.96,97

Most adenocarcinomas are histologically heterogeneous, consisting of two or more of the histologic subtypes; therefore, most adenocarcinomas fall into the mixed 
subtype. Adenocarcinomas form acinar (glandular) ( Figure 26.7) or papillary structures. When they grow in a purely lepidic fashion, they are regarded as BAC (see 
following). Solid adenocarcinomas with mucin closely resemble large cell carcinoma, except for the production of intracytoplasmic mucin that should be present in at 
least five cells in at least two high-power fields. Adenocarcinomas are often associated with scarring fibrosis. At the periphery, many adenocarcinomas show a focal 
BAC-like pattern. Psammoma bodies may be seen in up to 10% of tumors with a papillary component.98



FIGURE 26.7. Adenocarcinoma, poorly differentiated. Focal gland formation (arrows) is present in this tumor, which otherwise consists of sheets of undifferentiated 
large cells (hematoxylin and eosin, 400 × magnification).

The concept of scar carcinoma was proposed for those lung cancers associated with dense fibrotic scars. 99,100 and 101 The classic description of a scar carcinoma is a 
peripheral tumor causing thickening and often puckering of the overlying pleura, with common anthracotic pigment and cholesterol clefts within the scar, and 
necrosis.102 Although scars can be found in association with any histologic type of lung cancer, we have chosen to discuss this concept here because most of these 
tumors are adenocarcinomas.99,100,103 Scar carcinomas reportedly have distinctive clinical features such as a higher distribution of adenocarcinoma, frequent 
presentation with nonpulmonary symptoms related to metastases, and presentation as radiographically occult lung cancer. 104 It has been proposed that patients with 
scar carcinomas have a worse prognosis than tumors without scarring,104 although other studies suggest that no difference in prognosis exists compared to similar 
histologic cell types devoid of scarring. 105,106

Shimosato and colleagues have shown that the scars in most of these tumors are most likely caused by the tumors, 100 and the concept that the lung cancer developed 
as a result of a pulmonary scar is incorrect. Multiple subsequent studies have supported this impression, 101,103,107 although it is likely that lung carcinomas may arise in 
the setting of certain pulmonary fibrotic conditions. 108,109,110,111 and 112

Bronchioloalveolar Carcinoma

BAC is defined as an adenocarcinoma of the lung, which grows in a lepidic fashion along the alveolar septae without invasive growth ( Figure 26.8). In the new 1999 
WHO/IASLC classification, the lack of invasive growth was added as an essential criterion 6 because data suggests that such patients may be curable by surgical 
resection.113 Although a BAC-like pattern of spread is common at the edge of conventional adenocarcinomas, histologically pure BAC is uncommon, accounting for 
only 3% of all invasive lung malignancies ( Table 26.2).11 Controversy exists whether histologic, histogenetic, or clinical dissimilarity is present between classic 
adenocarcinomas and bronchioloalveolar carcinoma. 114,115,116 and 117 However, much of the literature on the subject of BAC needs to be reevaluated based on the new 
definition of BAC. One of the problems resulting from the previous WHO classifications is that the percentage of lepidic growth pattern required to make the diagnosis 
of BAC was not specified.89,118 As a result, some authors regarded tumors with only a minor component of lepidic growth to represent BAC. 118 Another problem with 
BAC is that metastatic adenocarcinomas can mimic the histologic appearance of BAC, especially the mucinous variant. 120

FIGURE 26.8. Adenocarcinoma, bronchioloalveolar type, non–mucin-producing. This tumor consists of uniform cuboidal cells proliferating along the alveolar septae. 
The alveolar architecture is preserved. The tumor contrasts with the normal alveolar walls (right) (hematoxylin and eosin, 100 × magnification).

More than 50% of BACs may be associated with focal scars, and the tumor often grows around the edge of the scar. 121 However, if the tumor shows irregular tumor 
cell nests and a desmoplastic stromal reaction, it is regarded as having a component of acinar or solid adenocarcinoma and is no longer a pure BAC. 10,121

There are two major histologic types of BAC: nonmucinous and mucinous.8 Rarely, BAC may consist of a mixture of mucinous and nonmucinous subtypes, or it may 
be difficult to make a precise distinction between the two subtypes. 6 Approximately 41% to 60% are mucin-producing, 21% to 45% are non–mucin-producing, 12 to 
14% are a mixture, and in up to 7% of cases, it may be difficult to classify the tumor. 121,122 The mucin-producing tumors show gross and microscopic mucin production 
and tend to be multicentric.122 They may also cause lobar consolidation resembling pneumonia on gross examination. Histologically, these tumors consist of tall 
columnar cells with abundant apical cytoplasmic mucin and small basally oriented nuclei. The tumor cells grow along thin alveolar septae. The surrounding airspaces 
are often filled with mucin, sometimes creating a colloidlike appearance.

The nonmucinous BAC are more likely to be solitary. 122 Histologically, these tumors are composed of cuboidal cells proliferating along alveolar septae. A hobnail or 
saw-toothed appearance is often seen. Nuclear inclusions may be found in up to 56% of cases and are usually seen in nonmucinous tumor cells. These inclusions 
show the following properties: (a) they are PAS-positive; (b) they stain with immunohistochemistry for surfactant apoprotein; and (c) by ultrastructure they appear to 
consist of a network of 40-nm branching microtubules thought to arise from the inner nuclear membrane. 120,123 Nonmucinous BAC may consist of either Clara cells or 
type II pneumocytes; however, this distinction is not important for histologic classification.

Several pathologic variations of BAC may be encountered. A sclerosing variant is recognized, in which the alveolar septae are thickened by fibrosis without loss of the 
alveolar architecture. 124 The fibrosis in such cases may be rich in elastic fibers. 113 However, the presence of focal scarring within a BAC should raise concern for 
possible invasive growth. BAC may be cystic, and it rarely presents as multiple, diffuse, bilateral, cystic, cavitary lesions. 125 Tumors characterized by extensive mucin 
production have been described as mucinous or so-called colloid carcinomas. 83 Dekmezian et al. reported a single case of a BAC with myoepithelial cells. 126

It can be difficult to separate BAC from a variety of other lesions, including reactive epithelial hyperplasias in fibrotic lung conditions, atypical adenomatous 
hyperplasia,49,50,55,57 and metastatic carcinomas. Because of the new WHO/IASLC definition, a final diagnosis of BAC can be achieved only in a surgical resection 
specimen. For this reason, bronchoscopic or needle biopsies showing an adenocarcinoma with a lepidic growth pattern may suggest only the possibility of BAC and 
are insufficient to exclude the presence of invasive growth.

Various pathologic features have been described as prognostic factors for BAC. Many of these need to be reevaluated given the new definition of BAC. Formerly 
described prognostic factors included cell type, with nonmucinous tumors having a much better survival than mucinous tumors. 121,122 The presence of multiple 
tumors,121 alveolar spread,120,124 size greater than 3 cm,124 the sclerosing variant of BAC,124 high histologic grade,127 pleural invasion,124 and lymph node metastases124

 also were shown to correlate with a poor prognosis. Daly et al. found that the presence of dense collagen within the tumor was associated with a better prognosis. 121 



Linnoila et al. found that peripheral airway immunohistochemic markers such as surfactant-associated protein and 10kD Clara cell protein were independent 
prognostic factors for survival in patients with NSCLCs including BAC. 128 Although patients with solitary nonmucinous tumors less than 3 cm in diameter have an 
excellent prognosis, patients with advanced-stage BAC have a poor prognosis comparable to other lung adenocarcinomas. 129,130

Small Cell Carcinoma

Pathologic Features

SCLC accounts for 20% of all lung cancers (Table 26.2), and approximately 30,000 new cases occur in the United States each year. 11 Approximately two-thirds of 
SCLCs present as a perihilar mass. SCLCs are typically situated in a peribronchial location with infiltration of the bronchial submucosa and peribronchial tissue. 
Bronchial obstruction is usually caused by circumferential compression, although rarely endobronchial lesions can occur. Because the diagnosis is usually 
established on transbronchial biopsy and/or cytology, it is unusual to encounter SCLC as a surgical specimen. Extensive lymph node metastases are common. The 
tumor is white-tan, soft, friable, and often shows extensive necrosis. With advanced disease, the bronchial lumen may be obstructed by extrinsic compression. In up to 
5% of cases, SCLC presents as a peripheral coin lesion. 131,132

Subclassification of SCLC has evolved considerably over the past two decades. In 1981 the WHO proposed that SCLC be subclassified into three subtypes: (a) oat 
cell carcinoma, (b) intermediate cell type, and (c) combined oat cell carcinoma. 5 However, expert lung cancer pathologists could not reproduce this subclassification, 
and significant differences in survival could not be shown. For these reasons, in 1988 the IASLC proposed that the intermediate cell type category be dropped and 
added the category of mixed small cell/large cell carcinoma because it appeared that these patients might have a worse prognosis than other SCLC patients. 133 They 
continued to use the category of combined SCLC for tumors mixed with adenocarcinoma or squamous cell carcinoma and proposed that all tumors lacking a 
non–small cell component be called SCLC.133 Because subsequent data suggested that the prognosis for mixed small cell/large cell carcinoma might actually be 
better, and because there are problems in reproducibility for this subtype, 134 in the new WHO/IASLC classification, combined SCLC is the only subtype of SCLC 
(Table 26.1).6

By light microscopy, SCLC consists of tumor cells characterized by small size, a round to fusiform shape, scant cytoplasm, finely granular nuclear chromatin, and 
absent or inconspicuous nucleoli ( Figure 26.9A).6 Nuclear molding and smearing of nuclear chromatin caused by crush artifact may be conspicuous. Mitotic figures 
are common, sometimes exceeding 100 mitoses per 10 high-power fields. The tumor often grows in sheets without a specific pattern, but rosettes, peripheral 
palisading, organoid nesting, streams, ribbons, and rarely, tubules or ductules may be present. 135 Necrosis is usually extensive. Mitotic rates are high. Hematoxyphilic 
encrustation of vessel walls (Azzopardi effect) is a common finding ( Figure 26.9B).135

FIGURE 26.9. Small cell carcinoma. A: This tumor consists of densely packed small tumor cells with scant cytoplasm, finely granular nuclear chromatin, 
inconspicuous or absent nucleoli, and multiple mitoses (hematoxylin and eosin, 100 × magnification). B: This small cell carcinoma is extensively necrotic and shows 
the Azzopardi effect or hematoxyphillic staining of the vascular walls caused by DNA encrustation (hematoxylin and eosin, 100 × magnification).

Although no absolute upper limit exists for cell size in the diagnosis of SCLC, it has been suggested that the cells should measure approximately the diameter of two 
to three small resting lymphocytes. 136 Within the entity of SCLC, cell size range includes cases that have larger cells approaching the size of large cell carcinoma. 
This problem was addressed by the 1981 WHO/IASLC classification for lung tumors that proposed the category of intermediate cell type of SCLC. 133 Vollmer et al. 
used morphometry to demonstrate a gradual transition in cell size from the smallest SCLC to large cell carcinoma. 137 Thus cases that fall in the middle of the spectrum 
cannot be distinguished according to cell size alone. This finding may account, in part, for the difficulty in interobserver reproducibility of the intermediate subtype 
category of SCLC as proposed by the 1981 WHO classification. 137

According to the morphometric study by Vollmer et al., the size of SCLC cells also appears greater in larger biopsy specimens. 137 Thus the tumor cells of SCLC 
appear larger in well-fixed open biopsies than in transbronchial biopsy specimens.

Subsequent to chemotherapy, biopsy specimens from 15% to 45% of patients with SCLC can show an admixture of components of large cell, squamous, giant cell, or 
adenocarcinoma.138,139 and 140

Combined SCLC

Less than 10% of SCLCs show a mixture with another histologic component type of NSCLC. A combination of SCLC and large cell carcinoma ( Figure 26.10) is found 
in approximately 4% to 6% of cases.133 Approximately 1% to 3% of SCLCs may be combined with adenocarcinoma or squamous cell carcinoma.133,134,139,141 Mixtures of 
SCLC can also occur with spindle cell carcinoma, 142,143 giant cell carcinoma,143 and carcinosarcoma.144 It remains to be proven whether these patients have significant 
differences in clinical features, prognosis, and response to therapy. 141 Some evidence suggests a survival benefit for patients who undergo resection. 141

FIGURE 26.10. Combined small cell and large cell carcinoma. This tumor consists of large cells with abundant cytoplasm and vesicular nuclei with prominent nucleoli 
admixed, with small cells having scant cytoplasm and finely granular chromatin (hematoxylin and eosin, 630 × magnification).

Clinical Features and Prognosis



SCLC has a very aggressive clinical course with frequent widespread metastases. It is considered a distinct clinicopathologic entity because of the many 
characteristic clinical manifestations, the unique pathologic features, and the sensitivity to chemotherapy.

Untreated patients with limited-stage and extensive-stage SCLC have a median survival of 3 and 1.5 months, respectively. With combination chemotherapy and chest 
radiotherapy, the median survival is improved to 10–16 months for patients with limited-stage disease, and 6–11 months for patients with high-stage disease.

Differential Diagnosis

Because major differences exist in therapeutic approach to patients with SCLC versus NSCLC, the major question asked of pathologists is whether the tumor is an 
SCLC or an NSCLC. The distinction of SCLC from large cell carcinoma or large cell neuroendocrine carcinoma (LCNEC) should not rest on a single criteria such as 
cell size or nucleoli; multiple additional features should be assessed, including nuclear to cytoplasmic ratio, nuclear chromatin, nucleoli, nuclear molding, cell shape 
(fusiform versus polygonal), and hematoxylin vascular staining ( Table 26.4).137,145

TABLE 26.4. LIGHT MICROSCOPIC FEATURES FOR DISTINGUISHING SMALL CELL CARCINOMA AND LARGE CELL NEUROENDOCRINE CARCINOMA

Morphologic separation of SCLC from NSCLC can be difficult. In the study by Reglue et al. agreement for the diagnosis of SCLCs for all five observers was 93% and 
for at least four or five observers it was 98%. 29 Disagreement among expert lung cancer pathologists over the distinction between SCLC and NSCLC may occur in up 
to 5% to 7% of cases.28,145

The poor agreement (only 72%) for the subtyping of SCLCs (e.g., oat cell versus intermediate) is one of the reasons for the recent revised classification of SCLC, 
which was proposed to replace the histologic subtyping in the second edition. WHO classification ( Table 26.1).133

In small, crushed biopsy specimens, SCLC can be difficult to distinguish from carcinoid tumors, lymphocytic infiltrates, or poorly differentiated NSCLC. In some cases, 
comparison with cytology specimens taken at the time of bronchoscopy enables a definitive diagnosis. Lymphoid infiltrates, whether caused by small lymphocytic 
lymphoma or chronic inflammation, can be distinguished from SCLC by their discohesive pattern of growth, contrasting with the epithelial clustering and nuclear 
molding of SCLC. In addition, immunohistochemistry for keratin (epithelial marker) and common leukocyte antigen (lymphoid marker) can be very useful. If the biologic 
behavior of a tumor raises doubts about the diagnosis of SCLC, additional biopsies may be helpful to establish the diagnosis. 147

Large Cell Carcinoma

Large cell carcinoma is a poorly differentiated carcinoma that does not have features of squamous cell carcinoma, adenocarcinoma, or SCLC. Thus it is a diagnosis of 
exclusion, and a spectrum of morphology is encompassed by this histologic subtype. Most tumors consist of large cells with abundant cytoplasm and large nuclei with 
prominent nucleoli and/or vesicular nucleir ( Figure 26.11).10,148,149,150 and 151 Several variants of large cell carcinoma are recognized in the new WHO/IASLC histologic 
classification of lung cancer, including LCNEC 6,145,152 basaloid carcinoma,153 lymphoepithelial-like carcinoma, 154,155 and 156 clear cell carcinoma,157 and large cell 
carcinoma with rhabdoid phenotype.158

FIGURE 26.11. Large cell carcinoma. This tumor consists of sheets and nests of large cells with abundant cytoplasm and vesicular nuclei with prominent nucleoli 
(hematoxylin and eosin, 400 × magnification).

Many poorly differentiated adenocarcinomas or squamous cell carcinomas may show a component of large cell carcinoma. Because such tumors are classified 
according to their best differentiated component, no combined adenocarcinoma or squamous cell carcinoma/large cell carcinoma exists. Therefore, a small bronchial 
biopsy may reveal large cell carcinoma, whereas the subsequent resected specimen may enable more specific classification as a squamous cell carcinoma or an 
adenocarcinoma.30,31,159 For this reason, if clear-cut morphologic criteria cannot be satisfied for subclassification as squamous cell or adenocarcinoma, the general 
diagnosis of “lung cancer, non–small cell type” should be made. Positive staining of intracytoplasmic mucin with the mucicarmine or periodic-acid-Schiff with diastase 
digestion (DPAS) stains separate the solid variant of adenocarcinoma with mucin production from large cell carcinoma. If large cell carcinoma is mixed with SCLC, it is 
regarded primarily as a variant of SCLC: mixed small cell/large cell carcinoma. 133

Several variants of large cell carcinoma include clear cell carcinoma, 160 lymphoepithelioma-like carcinoma,15,161,162 and LCNEC.145 This discussion focuses primarily 
on LCNEC and its relationship to SCLC. Spindle and giant cell carcinomas and the concept of pleomorphic carcinoma are also mentioned.

Large cell carcinoma accounts for 9% of all lung carcinomas. 11 These tumors may be central or peripheral, and by gross examination they often appear as large 
necrotic tumors. Histologically, the tumors usually consist of sheets and nests of large polygonal cells with vesicular nuclei and prominent nucleoli. 5 They may have a 
somewhat squamous or adenocarcinoma appearance, but they fall short of criteria for those tumors. By electron microscopy, a high percentage of large cell 
carcinomas show features of squamous cell or adenocarcinoma.32,35,163

Large Cell Neuroendocrine Carcinoma



Pathologic Features

Approximately two-thirds of LCNECs are peripheral, with the remainder being centrally located. The average size is 4.0 cm with a range from 0.7 cm up to 9 cm. They 
are usually circumscribed, nodular masses with a necrotic, tan, red cut surface.

LCNECs are defined by the following histologic criteria: (a) light microscopic features commonly associated with neuroendocrine tumors such as organoid, palisading, 
trabecular, or rosettelike growth patterns ( Figure 26.12A); (b) tumor cells of large size, polygonal shape, low nuclear to cytoplasmic ratio, coarse or vesicular nuclear 
chromatin, and frequent nucleoli ( Figure 26.12B); (c) high mitotic rate (>10/10 HPF) with a mean of 60 mitoses per 10 HPF and some exceeding 100 per 10 HPF; (d) 
frequent necrosis; and (e) neuroendocrine features by immunohistochemistry ( Figure 26.13) or electron microscopy.145 The term large cell carcinoma, with 
neuroendocrine morphology can be used for tumors resembling LCNEC by light microscopy but lacking proof of neuroendocrine differentiation by electron microscopy 
or immunohistochemistry.

FIGURE 26.12. Large cell neuroendocrine carcinoma. A: Organoid nests and trabecular growth patterns give this tumor a neuroendocrine morphologic appearance. 
Necrosis is also conspicuous (top, bottom)  (hematoxylin and eosin, 400 × magnification). B: The tumor cells have abundant cytoplasm and some show vesicular 
nuclei and/or prominent nucleoli. A mitotic FIGURE is present (hematoxylin and eosin, 800 × magnification).

FIGURE 26.13. Large cell neuroendocrine carcinoma. Focally, the tumor cells stain positively for chromogranin (chromogranin, 630 × magnification).

The term combined LCNEC is used for those tumors associated with other histologic types of NSCLC ( Table 26.1). Most often this represents a component of 
adenocarcinoma. If a component of SCLC exists, then the tumor becomes a combined SCLC.

Clinical Features

The median age for patients with LCNEC is 62 years (range 33 to 87 years). Virtually all patients are cigarette smokers and most have over a 40 pack-year history of 
smoking.145 Ectopic hormone production is uncommon in cases of LCNEC and has not been observed in any reported cases. 145

LCNEC is an aggressive malignancy with a prognosis approaching the dismal outlook for SCLC. Fifty percent of patients are dead at 1.2 years, and the 5- and 
10-year survival is 23% and 11%, respectively. Therefore, patients with LCNEC also have a worse outlook than for adenocarcinoma. Some patients with LCNEC, 
particularly those with stage I or II tumors, may do well. The optimal therapy remains to be defined because these tumors are rare and few institutions have 
accumulated enough patients to make definite therapeutic recommendations. Until more information is known about the clinical behavior of LCNEC and its response 
to chemotherapy, resectable tumors should be removed surgically. Some patients with advanced-stage disease have responded to chemotherapy so that adjunctive 
chemotherapy may be beneficial following surgery.

Differential Diagnosis

LCNEC must be distinguished from adenocarcinoma, SCLC, large cell carcinoma, and large cell carcinoma with neuroendocrine differentiation (LCC-ND). Mitotic 
counts are one of the most useful criteria for distinguishing adenocarcinoma from LCNEC. 145 According to the new WHO/IASLC criteria for adenocarcinoma, the 
upper limit of mitoses should be 10 mitoses per 2 mm2 (10 high-power fields on some microscopes).6,164 This limit contrasts with the mitotic rate of LCNEC, which 
should have a mitotic count greater than 11 per 2 mm2 (10 high-power fields, but typically ranges between 50 to 100 mitoses per 10 high-power fields. 145 The extent of 
necrosis in LCNEC is generally more extensive than in adenocarcinoma, where it usually consists of punctate foci within organoid nests of tumor cells. Nuclei of 
adenocarcinoma usually show a finely granular chromatin, whereas most LCNEC have a vesicular or coarse chromatin. Thus adenocarcinoma is histologically 
intermediate grade, whereas LCNEC is histologically high grade. Separation of LCNEC from SCLC requires consideration of multiple histologic features rather than a 
single criterion (Table 26.4).

Large cell carcinomas can be separated into those that have neuroendocrine features by light microscopy as well as immunohistochemistry and/or electron 
microscopy (LCNEC), those with a neuroendocrine morphology (NEM) but lacking neuroendocrine differentiation by electron microscopy or immunohistochemistry 
(LCC-NEM), those with no neuroendocrine pattern by light microscopy or special studies (classic LCC), and those with neuroendocrine differentiation (NED) by 
special studies (LCC-NED).6,145 LCC-NEDs differ from LCNECs histologically in that they lack neuroendocrine morphologic characteristics by light microscopy, such 
as prominent organoid nesting, trabecular, palisading, or rosette-like patterns.

Further data regarding the spectrum of clinical and pathologic features of LCNEC are awaiting larger series of cases. We hope this research will further define the 
differences in survival and response to therapy for LCNEC compared to adenocarcinoma, large cell carcinoma, LCC with NEM, LCC-NED, and SCLC.

Data is conflicting regarding the issue of whether NSCLC-NED may be responsive to SCLC chemotherapy regimens 165,166 and 167 or whether expression of 
neuroendocrine markers may be an unfavorable prognostic factor. 168,169,170,171,172,173,174 and 175 The significance of separation of LCNEC, LCC-NEM, and LCC-NED 
remains to be determined.

Adenosquamous Carcinoma

Adenosquamous carcinoma accounts for 0.6% to 2.3% of all lung cancers. 176,177,178,179 and 180 According to the new WHO/IASLC criteria, the tumor should consist of a 



mixture of at least 10% adenocarcinoma and squamous carcinoma.8 Ishida described three subtypes of adenosquamous carcinoma, including a predominantly 
glandular type, a predominantly squamous type, and a mixed type. 177 Although some studies have suggested a worse survival for adenosquamous carcinoma, 178,180 
others indicate no difference from other NSCLCs.177,179

Carcinomas with Pleomorphic, Sarcomatoid, or Sarcomatous Elements

Carcinomas with pleomorphic, sarcomatoid, and sarcomatous elements represent a continuum of differentiation in poorly differentiated carcinomas. In the 1981 WHO 
classification, spindle cell carcinoma was classified as a variant of squamous cell carcinoma, and giant cell carcinoma was regarded as a variant of large cell 
carcinoma.5 However, the concept of pleomorphic carcinoma was reported by Fishback et al. and emphasized that most carcinomas with spindle cell and/or giant cell 
differentiation were associated with patterns of other major subtypes of lung carcinoma, such as squamous cell carcinoma, adenocarcinoma, or large cell 
carcinoma.143 Pleomorphic carcinomas tend to be large, peripheral tumors that often invade the chest wall. Because of the prominent histologic heterogeneity of this 
tumor, adequate sampling is important and should consist of at least one section per centimeter of the tumor diameter. In the new WHO/IASLC classification, at least 
a 10% component of the spindle cell and/or giant cell component must be present for a diagnosis of pleomorphic carcinoma. 6

Giant and spindle cell carcinomas account for 0.3% of all invasive lung malignancies. 11 If the tumor has a pure giant cell pattern, the term giant cell carcinoma can be 
used. Giant cell carcinoma consists of huge, bizarre pleomorphic and multinucleated tumor giant cells ( Figure 26.14).181,182 and 183 The tumor cells of giant cell 
carcinoma are very large, measuring approximately two to three times the size of those in ordinary NSCLCs. 182 The nuclei may be single or multiple; sometimes they 
are bizarre with atypical mitotic figures. The cells are often discohesive and infiltrated by inflammatory cells. Neutrophil emperipolesis characterized by cytoplasmic 
infiltration by neutrophils is a distinctive feature ( Figure 26.14). Fishback et al. recognized that 98% of giant cell carcinomas are associated with one or more other 
histologic subtypes such as spindle cell carcinoma (65%), adenocarcinoma (44%), large cell carcinoma (29%), squamous cell carcinoma (6%), and SCLC (2%). 
Therefore, pure giant cell carcinoma is rare, accounting for only 2% of cases of pleomorphic spindle and/or giant cell carcinomas. 143

FIGURE 26.14. Giant cell carcinoma. These giant tumor cells are discohesive and infiltrated by numerous neutrophils, which show emperipolesis. Although none of 
these cells is multinucleated, they are huge with abundant eosinophilic cytoplasm and atypical large nuclei (hematoxylin and eosin, 400 × magnification).

If the carcinoma consists of a pure spindle cell pattern, it can be regarded as spindle cell carcinoma ( Figure 26.15).184,185 and 186 however, Fishback et al. showed that 
only 9% of spindle cell carcinomas are associated with squamous cell carcinoma. Many cases were associated with a mixture of other histologic subtypes, with 52% 
showing a component of giant cell carcinoma, 47% adenocarcinoma, 24% large cell carcinoma, and 2% SCLC. 143 Only 10% of cases showed a pure spindle cell 
pattern.143 Although immunohistochemistry for epithelial markers such as keratin can be helpful in confirming epithelial differentiation, the new WHO/IASLC requires 
only light microscopic criteria. 6 Nevertheless, immunohistochemistry and less often electron microscopy can be helpful. 184,185 and 186 In some cases, multiple epithelial 
markers may be necessary to demonstrate epithelial differentiation because these tumors are poorly differentiated. However, immunohistochemistry can be 
problematic because some sarcomas may express keratin. It is important to sample spindle cell carcinomas extensively to exclude the presence of recognizable 
carcinomatous foci that would allow for classification as pleomorphic carcinoma. If such foci cannot be found by light microscopy, one should perform 
immunohistochemistry for epithelial markers such as keratin, EMA, or CEA.

FIGURE 26.15. Spindle cell carcinoma. These spindle-shaped tumor cells have hyperchromatic atypical nuclei and were positive with immunohistochemic staining for 
keratin (hematoxylin and eosin, 630 × magnification).

The study by Fishback et al. of pleomorphic carcinomas showed that spindle cell and giant cell carcinoma coexist in 40% of cases. 143 These tumors were often 
associated with other histologic subtypes (more than 90% for spindle cell carcinoma and more than 97% for giant cell carcinoma). They typically presented as large 
peripheral lung masses in elderly male smokers and had a poor prognosis with a 10% five-year survival. 143

Carcinosarcoma and Pulmonary Blastoma

Although carcinosarcoma and pulmonary blastoma were placed under the category of miscellaneous tumors in the 1981 WHO classification, 5 in the new WHO/IASLC 
classification they are regarded as types of carcinoma of the lung. 6 The new WHO/IASLC classification defines carcinosarcoma as a tumor consisting of a mixture of 
carcinoma and sarcoma that should show heterologous elements such as malignant cartilage, bone, or skeletal muscle. Pulmonary blastomas consist of a glandular 
component that resembles well-differentiated fetal adenocarcinoma and a primitive sarcomatous component. 6

OTHER NEUROENDOCRINE TUMORS

Although SCLC represents one of the four major histologic subtypes of lung cancer, it is also generally regarded as a part of the spectrum of pulmonary 
neuroendocrine neoplasia. Other neuroendocrine lung tumors include typical and atypical carcinoid and LCNEC ( Table 26.5). The clinical aspects of carcinoids and 
LCNEC are addressed briefly in this chapter because they are not specifically addressed elsewhere in this textbook.



TABLE 26.5. TERMINOLOGY FOR PULMONARY NEUROENDOCRINE LESIONS*

The classification of pulmonary neuroendocrine tumors of the lung is perplexing. Although a spectrum of clinical and histologic features of malignancy exist among 
these tumors, this complexity is compounded by a bewildering variety of terms and criteria in the literature. 6,10,145

Lung tumors with neuroendocrine morphology include the low-grade typical carcinoid (TC), intermediate-grade atypical carcinoid (AC), and the high-grade LCNEC 
and SCLC. This classification has substantial reproducibility, with the greatest difficulty in separating TC from AC and LCNEC from SCLC.

Neuroendocrine differentiation may be detected by immunohistochemical or ultrastructural studies in 10% to 20% of histologically ordinary NSCLCs such as 
squamous cell carcinomas, adenocarcinomas, or large cell carcinomas ( Table 26.5). The term NSCLC-NE is sometimes used for these cases.145

Typical and Atypical Carcinoid

Pathologic Features

Carcinoid tumors are often divided into central and peripheral tumors. The percentage of peripheral tumors varies from 16% to 40%, 187,188 with the remaining tumors 
being centrally located. Central carcinoids often have a large endobronchial component, with a fleshy, smooth, polypoid mass protruding into the bronchial lumen. 
Necrosis or extensive hemorrhage are characteristic of AC. Peripheral carcinoids are situated in the subpleural parenchyma, and they often do not bear an anatomic 
relationship to a bronchus.

Central carcinoids tend to be larger than peripheral tumors, with a mean diameter of 3.1 cm (range 0.5 to 10 cm) versus 2.4 cm (range 0.5 to 6 cm). 188 ACs are larger 
than TCs with a mean diameter of 3.6 cm for ACs compared to 2.3 cm for TCs.188

Both TCs and ACs are characterized histologically by an organoid growth pattern and uniform cytologic features, consisting of moderate eosinophilic, finely granular 
cytoplasm with nuclei possessing a finely granular chromatin pattern ( Figure 26.16) (Table 26.6). Nucleoli are inconspicuous in most TCs but they may be more 
prominent in ACs. A variety of histologic patterns may occur in both AC and TC, including spindle cell ( Figure 26.17), trabecular, palisading, rosettelike, papillary, 
sclerosing papillary, glandular, and follicular patterns. 145 The tumor cells of pulmonary carcinoid tumors may have oncocytic, acinic cell-like, signet-ring, 
mucin-producing, or melanocytic features.145

FIGURE 26.16. Typical carcinoid. This tumor is growing in organoid nests and consists of uniform medium-sized cells with a moderate amount of eosinophilic 
cytoplasm (hematoxylin and eosin, 500 × magnification).

TABLE 26.6. TYPICAL AND ATYPICAL CARCINOID: DISTINGUISHING FEATURES

FIGURE 26.17. Carcinoid with spindle cell features. These tumor cells are prominently spindle-shaped and show the finely granular nuclear chromatin and moderate 



amount of eosinophilic cytoplasm characteristic of carcinoid tumors (hematoxylin and eosin, 1,000 × magnification).

The original criteria for AC, as defined by Arrigoni et al. 164 were recently modified to a carcinoid tumor with mitoses between 2 and 10 per 2 mm2 area of viable tumor 
(10 high-power fields in certain microscopes) or the presence of necrosis ( Figure 26.18).152 The presence of features such as pleomorphism, vascular invasion, and 
increased cellularity are not as helpful in separating TC from AC. In contrast, TC may have focal cytologic pleomorphism, but necrosis is absent and mitotic figures 
are rare (Table 26.6).145,164 The necrosis in AC usually consists of small foci centrally located within organoid nests of tumor cells; uncommonly, the necrosis may form 
larger confluent zones. Criteria for separation of TC from AC are summarized in Table 26.6.

FIGURE 26.18. Atypical carcinoid. A punctate focus of necrosis is present in one of the organoid nests of spindle-shaped tumor cells. This feature is characteristic of 
atypical carcinoids (hematoxylin and eosin, 200 × magnification).

Clinical Features

Carcinoid tumors are low-grade malignant neoplasms of neuroendocrine cells, which constitute 1% to 2% of all lung tumors. 136 They are divided into typical and 
atypical types, with the latter possessing more malignant histologic and clinical features. 164

The indolent nature of carcinoid tumors is reflected by the finding that 51% of patients are asymptomatic at presentation. 188 The most common pulmonary 
manifestations include hemoptysis in 18%, postobstructive pneumonitis in 17%, and dyspnea in 2% of patients. 188 Various paraneoplastic syndromes can occur with 
carcinoid tumors including the carcinoid syndrome, 188,189 Cushing's syndrome,190 and acromegaly.191 Bronchial carcinoids occur with equal frequency in men and 
women.188,192 The mean age is 55 years with a range up to 82 years. 188 Bronchial carcinoids are the most common lung tumor in childhood.183

Surgery is the primary approach to management of bronchial carcinoids. 187,183 Patients with TC have an excellent prognosis and rarely die of tumor. 188,194 The finding 
of metastases should not be used as a criteria for distinguishing TC from AC because 5% to 20% of TCs have regional lymph node involvement.

Compared to TCs, ACs have a larger tumor size, a higher rate of metastases, and the survival is significantly reduced. The mortality reported in most series is 
approximately 30%, ranging from 27 to 47%.164,188,195,196

Prognosis in carcinoid tumors has been correlated with various clinical and pathologic features, including lack of surgical therapy, advanced stage, large tumor size 
(greater than 3 cm), lymph node metastases, vascular invasion, atypical versus typical histology, intraluminal versus extrabronchial spread, aneuploidy, S-phase, and 
integrated optical density measurement of nuclear DNA content. 188,192,195,196,197 and 198

Differential Diagnosis

It can be difficult to distinguish TC from AC (and occasionally SCLC) in small, crushed biopsy specimens; therefore, one should be careful when interpreting 
transbronchial biopsies if the tumor cells are not well preserved. Although a spindle cell pattern is more common in AC and SCLC, it should not be used as a criterion 
for malignancy because it also occurs in TC. Spindle cell carcinoids differ from other non-neuroendocrine tumors composed of spindle-shaped cells, such as smooth 
muscle tumors (leiomyoma, leiomyosarcoma), chemodectoma, and spindle cell carcinoma. Separation of these tumors from carcinoid can be made by recognition in 
the latter of an organoid pattern, finely granular nuclear chromatin, and positive immunohistochemical staining for neuroendocrine markers or dense core granules by 
electron microscopy.

IMMUNOHISTOCHEMISTRY, AND FLOW CYTOMETRY

Immunohistochemistry plays an important role in the evaluation of neuroendocrine neoplasms of the lung. Many antibodies, including neuroendocrine, hormonal, 
epithelial, and other markers, can be used to immunohistochemically stain neuroendocrine lung tumors.

Small Cell Lung Carcinoma

Recent studies have shown that the most useful neuroendocrine markers for SCLC in formalin-fixed, paraffin-embedded tissue sections are chromogranin A, 
synaptophysin, Leu-7, and certain neural cell adhesion molecules (NCAMs). 145,199,200 Guinee et al. found staining for chromogranin in 60% versus 47%, NSE in 60% 
versus 33%, Leu-7 in 40% versus 24%, and synaptophysin in 5% versus 19% of open lung versus transbronchial biopsy specimens of SCLC. 199 The NCAM antibody 
123C3 has shown promise in paraffin-embedded tissue sections. 201,202 Although NSE has been advocated as a useful marker for neuroendocrine differentiation, it is 
relatively nonspecific because it stains up to 60% of NSCLCs. 145 Bombesin or gastrin-related peptide (GRP) can be demonstrated immunohistochemically in a high 
percentage of SCLCs.145,199

Keratin (AE1/AE3) and membrane antigen (EMA) stain virtually all SCLCs in both open lung biopsy and transbronchial biopsy specimens. 145,199 Therefore, if keratin 
staining is negative in a suspected SCLC, one should be careful to exclude other possibilities, such as chronic inflammation, lymphoma, primitive neuroectodermal 
tumor, or small round cell sarcoma. Nevertheless, some SCLCs may be negative for keratin, and varied staining results may be caused by the antibody and/or 
methods used and the preservation of the material. Occasionally, a punctate perinuclear “do like” pattern of keratin staining may be encountered in SCLC, but this 
pattern is not specific and is found in the minority of keratin-positive cases.

Despite extensive efforts to identify monoclonal antibodies that will reliably distinguish SCLC from NSCLC, so far no antibodies have been proven to be effective in 
routinely processed, formalin-fixed, paraffin-embedded sections. 203,204 Up to 10% to 20% of NSCLCs exhibit neuroendocrine differentiation detectable by 
immunohistochemistry or electron microscopy. It is important, however, to remember that the WHO criteria for classification of lung cancer are based on conventional 
light microscopy, and data obtained by electron microscopy may not be comparable to data obtained by light microscopy alone.

DNA analysis of SCLC reveals a high percentage of aneuploidy, ranging up to 85% of cases, 145,197,205 but aneuploidy does not appear to correlate well with 
prognosis.197,205 A high nuclear/cytoplasmic ratio in lung neuroendocrine tumors, which selects for SCLC, correlates strongly with prognosis. 206 High nucleolar 
organizer region values in lung neuroendocrine tumors also correlate with poor prognosis. 207



Large Cell Neuroendocrine Carcinoma

LCNECs stain immunohistochemically with neuron specific enolase (NSE) (100%), chromogranin (80%), Leu-7 (40%), synaptophysin (40%), bombesin (40%), CEA 
(100%), and keratin (100%).145 The immunohistochemic staining is often focal. Aneuploidy can be found in 75% of LCNECs. 145 Several molecular studies have shown 
that a high frequency of chromosomal abnormalities (p53, 3p, 9p, 5q and 11q) exist in the high-grade LCNECs and SCLCs with low and intermediate percentages of 
molecular changes in TC and AC, respectively. 208,209,210,211 and 212

Carcinoid Tumors

Of the various types of pulmonary neuroendocrine tumors, the highest percentage, distribution, and intensity of immunohistochemic staining for neuroendocrine and 
hormonal markers can be found in TC. Chromogranin is the most useful immunohistochemic marker of neuroendocrine differentiation, followed by synaptophysin and 
Leu 7.145

Aneuploidy can occur in both TC and AC. It has been found in 5%–32% of TC and 16%–79% of AC. 145,192,197,213,214 Aneuploidy is significantly more frequent in AC than 
TC.192,213,214 and it correlates with poor prognosis. 213 However, all aneuploid carcinoid tumors do not behave aggressively; in one study, 58% of patients with aneuploid 
carcinoid tumors survived five years.213

ELECTRON MICROSCOPY

Most lung carcinomas are diagnosed without the aid of ultrastructural study, but the electron microscope provides more information on the structure of the tumor cells 
than can be obtained from hematoxylin/eosin sections, and it is often helpful when the light microscopy alone is not adequate. A fine-needle aspiration biopsy can 
provide sufficient material, but the specimen must be handled properly to yield good results. 215 The electron microscope can also be useful in research studies on 
lung tumors. The detailed morphology of cell lines can be documented, and it is possible to perform precise immunocytochemistry, in situ hybridization, and image 
analysis using electron microscopic preparations. A brief account of the ultrastructure of the major types of primary lung tumors is included in this chapter to 
complement the descriptions of the light microscopy and cytology.

Squamous Carcinoma

Squamous cell carcinomas from different parts of the body look basically similar by light and electron microscopy. Variations in their appearance are mainly caused by 
the degree of keratinization and the level of differentiation. No specific differences separate a primary squamous cell carcinoma of the lung from one that has 
metastasized to the lung from a cutaneous or mucosal site. A considerable range of appearances can nonetheless be seen with the electron microscope among 
squamous cell lung carcinomas. This ability is partly because the fine structure of the tumor cells undergoes marked changes with loss of differentiation. It also 
reflects the fact that many NSCLCs of the lung are heterogeneous in their composition and show both squamous and glandular differentiation. A mixture of the two 
lines of maturation is sometimes evident by electron microscopy, so examination of only a few cells does not always reveal whether the tumor is predominantly a 
squamous cell or adenocarcinoma. The small sample studied by electron microscopy is nevertheless usually sufficiently representative to provide an accurate 
diagnosis.34

In a differentiated squamous carcinoma, the cells are more or less round, although they look polygonal when packed together. The cells are often separated from their 
neighbors by a slender gap (Figure 26.19). Nuclei have slightly irregular profiles, and the chromatin is coarsely clumped. The cells possess considerable amounts of 
cytoplasm, which contains the usual organelles—mitochondria, cisternae of endoplasmic reticulum—in moderate quantities. The better differentiated squamous 
tumors arising in the lung show evidence of keratinization, and the cells then contain thin bundles of cytokeratin filaments, which course through the cytoplasm and 
attach to the cell junctions. The latter are mature desmosomes, and when the cells are not intimately apposed, they are connected through short protrusions of the 
surface cytoplasm with desmosomes at their tips, creating the so-called intercellular bridges that are helpful to the light microscopist. Bridges will not be visible if the 
cell surfaces are closely apposed, so they are not always seen in well-differentiated tumors. Fragments of basal lamina may surround groups of tumor cells. 216

FIGURE 26.19. Squamous carcinoma, moderately differentiated, ultrastructure. The cells of this tumor contain many thin bundles of tonofilaments. Within the clefts 
between the cells, desmosomes are conspicuous by their dense appearance (4,000 × magnification).

The distinctive features of the differentiated squamous tumors are progressively lost as the tumors dedifferentiate, and variations in the level of differentiation can 
often be seen within a small group of cells. Uniform spacing of the cells, abundant tonofilaments, and numerous mature desmosomes can, within the space of a few 
cells, be replaced by irregular gaps, wispy strands of keratin, and scattered, poorly constructed attachment sites. The number of cell junctions in lung carcinomas 
appears to relate to clinical stage and survival time. 217 The end stage of the process of dedifferentiation is cells with no cytokeratin and few or no junctions: attachment 
sites that are present are mere paired tiny densities of the cell membranes. Along with these alterations, the amount of cytoplasm and number of organelles diminish. 
The ultrastructure of truly dedifferentiated squamous cells thus does not betray their squamous lineage.

Adenocarcinoma

Much more variety in histology and ultrastructure is seen in the cells of bronchogenic adenocarcinomas compared to the squamous tumors. Cells in the better 
differentiated adenocarcinomas may contain some cytokeratin filaments, but they are rarely plentiful. The surfaces of adjacent cells are connected by desmosomes, 
which are fewer and smaller than in squamous carcinomas. Adenocarcinomas commonly have a glandular architecture that is manifested ultrastructurally by lumens 
bordered by cells with microvilli on their apical surfaces ( Figure 26.20). The cell membranes, particularly when the cells are columnar, fuse where they reach the 
lumen, forming a tight junction that seals off the intercellular space from the lumen. The tight junctions are beltlike in that they encircle the cell, in contrast to 
desmosomes, which are small disks, like tiny spot welds between the cell surfaces.



FIGURE 26.20. Bronchioloalveolar adenocarcinoma, ultrastructure. These tumor cells border on a slender lumen. The indistinct bodies in the cytoplasm are mucin 
droplets. Microvilli are highlighted by cores of microfilaments that extend into the subjacent cytoplasm (6,000 × magnification).

The number, length, and appearance of the microvilli in bronchogenic adenocarcinomas is variable. They are often irregular in distribution and size, whereas in a 
typical epithelial mesothelioma, the long, slender, often curving and branching microvilli are distinctive. 218 In a few of the peripheral lung adenocarcinomas that show 
bronchioloalveolar differentiation, the microvilli are more numerous and straight, and they contain slender cores of actin filaments that extend downward into the 
apical cytoplasm (Figure 26.20). These microvilli are identical in appearance to the ones on gastrointestinal cells, therefore, using this feature to identify a metastatic 
gastric or intestinal adenocarcinoma within the lung is not reliable. 219

Part of the variety in appearance among adenocarcinoma cells is produced by the presence of secretory products within their cytoplasm. There may be accumulations 
of glycogen or mucin, and the latter occupy diffuse electronlucent zones or form discrete droplets that accumulate in the apical cytoplasm ( Figure 26.20).

Bronchioloalveolar adenocarcinomas differentiate in the direction of cells found in the distal respiratory passages, and they consequently show a various appearances 
by electron microscopy. The most common form of differentiation in this type of adenocarcinoma is toward the nonciliated bronchiolar or Clara cell, which in the 
normal lung forms a protein secretion that contributes to the pulmonary surfactant. The dense-core granules in these cells are of exocrine caliber, and they gather in 
the apical cytoplasm (Figure 26.21). Mucin can also be present in small quantities in the apical cytoplasm in tumor cells with Clara-cell differentiation, but in some 
bronchioloalveolar adenocarcinoma, the cells are filled with mucin. Ciliated cells are unusual in a lung adenocarcinoma, 220 although they are rarely seen in a 
bronchioloalveolar adenocarcinoma. Another distal respiratory passage cell that is infrequently found in these tumors is the type II pneumocyte. Its distinctive lamellar 
bodies, which provide the lipid component of the surfactant, are found in the apical cytoplasm ( Figure 26.22). It can be difficult to distinguish reactive type II 
pneumocytes from neoplastic cells because the former may be entrapped within the tumor, or they can be from the rim of reactive cells, which are commonly present 
around the mass of tumor cells. The nuclear inclusions that are seen in a small proportion of bronchioloalveolar adenocarcinomas are produced by an elaborate 
replication of the inner of the paired membranes that form the nuclear envelope. 7 Although myoepithelial cells occur in the ducts and acini of normal bronchial glands, 
they are only rarely a component of a bronchogenic adenocarcinoma. 126

FIGURE 26.21. Bronchioloalveolar adenocarcinoma, ultrastructure. The plane of section passes through the apices of the tumor cells, and small slits of lumen are 
visible. This tumor is showing Clara cell differentiation, manifested by the large secretory granules (5,500 × magnification).

FIGURE 26.22. Bronchioloalveolar adenocarcinoma, ultrastructure. The presence of lamellar bodies in the upper cytoplasm of the cells of this tumor indicates type II 
pneumocyte differentiation. Note also how the cells protrude into the lumen (9,300 × magnification).

Small Cell Carcinoma

Ultrastructural studies have helped to define the light microscopic features of this tumor, and they have clarified its position in the classification of lung tumors and the 
validity of the subtypes that have been created by light microscopists. Information on the fine structure of SCLCs has also come from the study of cell lines, although it 
is not always possible to extrapolate in vitro findings to in vivo observations.

The typical SCLC cell is smaller than those of most NSCLCs, but morphometric studies performed on low-magnification electron micrographs have shown that overlap 
occurs in cell and nuclear size between the two groups, and the best discriminator is the nuclear/cytoplasmic ratio. 221 The amount of cytoplasm is SCLCs is generally 
scanty (Figure 26.23). The cells are ovoid rather than round, and they can become elongated. The shape of the nucleus parallels that of the cell, and the chromatin is 
generally finely aggregated and uniformly dispersed; its homogeneous distribution can often be appreciated in paraffin sections. The cell surface is smooth and 
devoid of microvilli, although in some cases the cytoplasm forms short, tubular extensions. Cells tend to be closely apposed, and some cell junctions can almost 
always be located. They range in maturity from small desmosomes to mere apposed densities on the cell membranes.



FIGURE 26.23. Small cell lung carcinoma, ultrastructure. The cells are closely apposed, and they have scanty cytoplasm and sparse organelles with only occasional 
small dense-core granules. The finely clumped but uniformly dispersed chromatin is characteristic (9,200 × magnification).

Generally only a few organelles are present in the cytoplasm of SCLC cells, in contrast to the moderate numbers that are seen in better differentiated NSCLCs. A few 
mitochondria and some slender cisternae can usually be found. Dense-core granules are plentiful in only a few tumors, and it is often necessary to examine several 
cells before granules are found. In approximately one-third of SCLCs granules cannot be detected, although they may subsequently become evident in cell lines. The 
granules are of neuroendocrine caliber and appearance, which means they are consistently small, of the order of 100 to 120 nm, with a distinct limiting membrane. If 
the granules in a tumor are larger than this limit, carcinoid should be suspected. Unlike the situation in many extrapulmonary SCLCs, granules do not commonly 
congregate in dendritic processes. Increasing numbers of SCLCs, with and without neuroendocrine features, are being described in extrapulmonary sites, and they 
must be considered in the differential diagnosis when SCLC is suspected in material procured from an apparent metastasis.

Most pathologists utilize the terminology for SCLC subtypes that has accumulated over the years from light microscopic observations. Electron microscopy has not 
shown any consistent features that will serve to subclassify SCLC, offering support for the view that the terms oat-cell, lymphocyte-like, and intermediate cell should 
be discarded.133 The cells of SCLC can transform following therapy, showing more variability in cell and nuclear size and shape and even simulating a large cell 
carcinoma, so subtyping is of dubious value in material from a treated patient. It has been suggested that two variants of SCLC should continue to be recognized. 133 
One, the combined form of SCLC, contains areas of differentiated NSCLC. The other has been designated as mixed small cell/large cell carcinoma, but it may be 
questioned whether such a tumor truly exists in untreated patients because the appearance can be simulated by a large cell carcinoma with a content of smaller cells 
(Figure 26.24).

FIGURE 26.24. Large cell carcinoma, ultrastructure. An intimate admixture of small dense cells is present in this large cell carcinoma, but their nuclear features are 
not typical of a small cell lung carcinoma and they did not contain neuroendocrine granules (3,000 × magnification).

Large Cell Carcinoma

With loss of differentiation, the specific features that characterize squamous and glandular lung carcinomas are progressively lost, and the cells tend to become 
smaller with less cytoplasm and fewer organelles than more differentiated tumors. When this process of dedifferentiation is complete, no features will then serve to 
identify the tumor as either squamous or adenocarcinoma, and it is a true undifferentiated large cell carcinoma. The cells generally have sparse organelles, and cell 
junctions are hard to find. Some evidence of differentiation in the form of small collections of microvilli within tiny lumens ( Figure 26.25) or sandwiched between cells, 
or collections of cytokeratin filaments, are often seen with the electron microscope in tumors that were called large cell carcinoma by light microscopy. This minimal 
level of differentiation probably does not have any significance as far as the behavior or response to therapy of the tumors are concerned, and no compelling reason 
suggests reclassifying the tumors based on the ultrastructural findings.

FIGURE 26.25. Large cell carcinoma, ultrastructure. In a large cell carcinoma, no evidence of differentiation exists at the light microscope level, but electron 
microscopy may reveal tiny lumens containing a few microvilli (5,000 × magnification).

Electron microscopy can be helpful in the study of pleomorphic tumors in the lung. 222 The multilobated nuclei are seen to good advantage in electron micrographs 
(Figure 26.26). A few poorly constructed cell junctions are often found, where the pleomorphic cells come into contact, and some microvilli may be detected. The 
extensive cytoplasm often contains many organelles including lysosomes. These findings are not specific, and it may be impossible to distinguish between a primary 
lung tumor and a metastatic pleomorphic carcinoma or sarcoma by electron microscopy alone.



FIGURE 26.26. Large cell (pleomorphic) carcinoma, ultrastructure. The multilobated nuclei of a pleomorphic large cell carcinoma are seen to good advantage with the 
electron microscope (3,900 × magnification).

Sarcomatoid Carcinomas

A small percentage of NSCLCs undergo sarcomatoid change. This is a form of dedifferentiation, and the cytologic characteristics of the initial differentiated tumor are 
progressively lost in the transformation process. The cells become spindle-shaped and may form crude fascicles; the tumor must then be distinguished from a 
sarcoma or a spindle cell mesothelioma. This differential diagnosis can be difficult because a complex spectrum of fine structure is seen in sarcomas, and 
mesotheliomas show much variation in cell structure. Immunostaining is the best approach, but electron microscopy may reveal small wisps of cytokeratin filaments or 
scattered desmosomes and absence of the luxuriant microvilli of an epithelial mesothelioma, and therefore offer some support for a light microscopic diagnosis of 
carcinoma.184,223

Large Cell Neuroendocrine Carcinoma

Ultrastructurally, LCNECs have a few dense-core granules that are often focal or patchy in distribution 145 and show glandular differentiation or squamous features. 145 
The distinction of LCNEC from NSCLC with neuroendocrine features is based on light microscopic morphology rather than electron microscopy.

Non–Small Cell Carcinoma With Neuroendocrine Features

This poorly understood variant of NSCLC has usually been identified by immunostaining for neuroendocrine markers, notably neuron-specific enolase and the more 
reliable chromogranin. The tumor cells are at least twice the size of those seen in SCLCs. 224 Electron microscopy has shown granules of endocrine caliber, although 
they are less numerous than in a typical carcinoid. The tumor is probably underdiagnosed because only a small minority of lung tumors are examined ultrastructurally, 
but as many as 10% of NSCLCs may possess some neuroendocrine features.145,200,225 Insight into these tumors is also being obtained from studies of cell lines. 226 It 
can be anticipated that the current classification of neuroendocrine lung neoplasms will be modified as more information about the tumors is obtained. 227

Carcinoid Tumors

A variety of patterns is seen among typical carcinoid tumors in light microscopic sections, but at the ultrastructural level, considerable uniformity in the appearance of 
the cells is present. In a particular tumor, they are predominantly either round or fusiform and compactly grouped. The smooth cell surfaces are apposed, but filopodia 
are sometimes seen, and a few tumors contain aggregates of microvilli on some cell surfaces, which may project into a small lumen.

Neighboring cells are fairly similar in appearance. The round or ovoid nuclei are centrally placed and surrounded by more cytoplasm than is seen in most SCLCs, and 
the cytoplasm is richer in organelles: mitochondria and slender cisternae can be abundant. The nuclear chromatin tends to form coarser clumps than in a typical 
SCLC cell. In atypical and more aggressive carcinoid tumors, variations in nuclear and cell size and shape are generally evident at the ultrastructural level, although 
they are seen to better advantage by light microscopy, where more cells can be examined and the pattern of the tumor is more readily assessed. Cell junctions in the 
typical carcinoids are mostly small desmosomes, which are present in moderate numbers. Cell junctions are fewer and more primitive in the atypical tumors, and they 
may only be minute thickenings of the cell membranes.

Carcinoid tumors form hormonal polypeptides and certain other products, and dense-core granules are a prominent feature of the cytoplasm ( Figure 26.27). The 
granules are numerous in most of the cells of a tumor, but they can vary in number from cell to cell, and they are often sparse in the atypical carcinoids. Many 
mitochondria pack the cytoplasm in the so-called oncocytic variant. 228 A few carcinoids contain discrete aggregates of intermediate filaments within the cytoplasm of 
their cells, and granules are then fewer in number and more difficult to find. Cells of the uncommon chemodectoma of the lung also contain many filaments, but 
granules are not present.229

FIGURE 26.27. Typical carcinoid tumor, ultrastructure. Granules fill the cytoplasm in a typical carcinoid tumor. The granules are close to the upper limit of the size 
range seen in endocrine tumor cells (4,000 × magnification).

The size and appearance of the granules in carcinoid tumors is of some importance in differential diagnosis. The granules in lung carcinoid cells are generally round, 
but they are angular in approximately 5% of the tumors. Secretory granules in lung tumor cells range from large exocrine-type granules similar to those seen in Clara 
cells to the small uniform granules of some SCLCs and most endocrine cell granules are intermediate in caliber between these two extremes. Some overlap does 
occur, however. In a morphometric examination of granules in bronchial carcinoids, the range of diameters was found to be from 98 to 391 nm with a mean of 175 
nm.221 The smallest granules in carcinoids thus overlap in size those seen in SCLC, and consequently they alone do not serve to discriminate between the two 
tumors. It should still be possible to effect this distinction by electron microscopy from the other features of the cells, although it becomes more difficult with the loss of 
differentiation that takes place in the more aggressive carcinoid tumors.

CYTOLOGY

Historical Background

The diagnosis of lung cancer by cytologic methods is of historical interest because it was an early demonstration that malignancy could be diagnosed through the 
examination of exfoliated cells. As reviewed by Johnston, Donne and Walsh separately noted in 1845 that exfoliated respiratory cells occurred in sputum. 230 The first 



major series of patients where the examination of sputum led to a diagnosis of lung cancer was by Hamplen in 1919. In this study, 13 of 25 cases were successfully 
diagnosed. After several years of quiescence, pulmonary cytology enjoyed a period of rapid development in the 1950s. Particularly important was the demonstration 
that lung cancer diagnosis was possible by percutaneous biopsy of the chest wall. In the 1960s, Dahlgren and Nordenstrom published a monograph reporting an 87% 
success rate in the diagnosis of lung tumors by transthoracic biopsy. 231 These important studies were part of a growing awareness that indicated fine-needle 
aspiration biopsy as a standard diagnostic tool. Further studies in the 1970s and 1980s validated needle aspiration as an alternative to open lung biopsy or 
transbronchial biopsy for the diagnosis of pulmonary malignancy, as well as other infectious and inflammatory lung diseases. 232,233 During this time, technical 
advances in radiologic technique permitted the imaging of small lesions and guided aspiration biopsy. 234,235 and 236 The design of bronchoscopes—improved smaller 
diameter, flexible bronchoscopes—opened an entirely new avenue for the investigation of lung disease. 237,238

Diagnostic Techniques

Five major techniques are used to obtain cellular material for the diagnosis of carcinoma of the lung. 239,240 The oldest and most fundamental technique is sputum 
collection, which depends on the spontaneous exfoliation of cells. Three bronchoscopic techniques include bronchial washing, bronchial brushing, and 
bronchoalveolar lavage. Finally, needle aspiration techniques can be performed through the chest wall under radiographic guidance or transbronchoscopically. 
Cytology can also be performed on bronchial biopsy rinse fluid to improve the diagnostic yield. 241

No single technique is necessarily superior to the others. The choice of cell collection technique is affected by many factors. The personal preference of the 
physician, which usually reflects where she or he received postgraduate training, is key. Thus some physicians are quick to opt for bronchoscopy or fine-needle 
aspiration, whereas others choose a more measured approach of collecting sputum on an outpatient basis. Understandably, the approach to the diagnosis of 
pulmonary disease may change with the economic effects of health-care reform.

The type of disorder that is clinically suspected may favor one sampling method over another. A diffuse abnormality in the lung that is presumed to be inflammatory 
may be better evaluated by the examination of sputum or bronchial washing or bronchoalveolar lavage than would a focal abnormality. 242,243 The location of a suspect 
lesion within the pulmonary or thoracic cavity affects the diagnosis method chosen. Different methods have potentially important differences in the diagnostic 
sensitivity, based on tumor location. 237,244 Finally, the clinical condition of the patient may also dictate the method chosen. Critically ill patients may require rapid 
diagnosis afforded by invasive procedures. Others, however, may be so debilitated that bronchoscopic procedures are hazardous, and the simple collection of sputum 
desired.

Although substantial similarity exists among the morphology of cells obtained by these different techniques, important differences relate to cell preservation. A 
discussion of the attributes of different specimen collection techniques and their effects on cellular morphology follows.

Sputum

The strongest appeal for sputum examination is the ease of specimen collection. Sputum examination also has relatively high diagnostic sensitivity, particularly when 
multiple specimens have been collected. 245,246 Sputum may be spontaneously expectorated or induced by artificial means. Spontaneous specimens are produced by a 
deep cough initiated by the patient without extrinsic stimuli, whereas induced sputa rely on irritation of the respiratory tract, usually through inhalation of vaporized 
saline and propylene glycol. With few exceptions, induced sputa provide a more representative sample of lower respiratory tract cells. 247 In a study of patients with 
proven cancer, Khajota et al. found that induced sputum was diagnostic in 84%, whereas only 52% of noninduced sputum specimens contained malignant cells. 248 
This does not mean that spontaneous sputa are unacceptable, but a greater proportion of specimens is unsatisfactory for diagnostic purposes. 249 The number of 
carbon-containing macrophages in the material determines the adequacy of a sputum specimen. 250 Specimens lacking pulmonary macrophages are unsatisfactory for 
evaluation. The absence of cancer cells in a patient with a lung lesion may simply be caused by a sampling error, reflecting that the specimen is saliva rather than 
sputum.

Different options are available for the subsequent processing of the sputum specimen. If the specimen is brought to the laboratory soon after collection, fresh material 
can be processed without fixation. Fresh specimens should be examined for particulate material or blood-strained tissue fragments. These elements of the specimen, 
because they often harbor cancer cells, are selected with forceps and used to prepare a smear between two glass slides. These slides are immediately fixed in 95% 
ethanol for approximately 30 minutes. Air-drying of the slide should be vigorously avoided because this technique causes the loss of detailed nuclear morphology. 
After fixation, slides are stained by a Papanicolaou technique. This staining method, which uses a combination of orange-G, eosin, and hematoxylin, is favored by 
most cytopathologists. The Papanicolaou stain offers excellent rendition of nuclear morphology, which is essential for determining whether a cell is benign or 
malignant. It also differentially stains the cytoplasm of epithelial cells, permitting the classification of cells as squamous or nonsquamous in differentiation.

Alternatives for the fixation of specimens can be used if the sputum cannot be processed when fresh. The simplest alternative is providing the patient with a container 
of 70% solution of ethanol. Although this provides some cell preservation, the material unfortunately tends to congeal, which limits the exposure of cells to the ethanol. 
The variation in fixation causes artifacts in the nuclear morphology that can create difficulty in interpreting the cells. Also, the rubbery quality of alcohol-fixed sputum 
complicates the specimen processing because smears cannot be made.

Saccomanno proposed an alternative method for cell fixation in 1963. 251 This approach, which uses a mixture of 50% ethanol and 2% carbowax for the prefixation of 
cells, is particularly suited for the collection of sputa in an outpatient situation. The patient can expectorate consecutive deep morning cough specimens into the same 
container over several days. When this specimen is returned to the laboratory, it can be processed in aggregate. Blending of Saccomanno-preserved materials is 
required to homogenize the specimen. The resulting material can be used for the preparation of smears, membrane filters, or cytocentrifuge slides.

The sensitivity of detecting lung cancer differs between freshly smeared and fixed, blended sputum. Much of this difference is attributable to artifacts caused by the 
mechanical blending of the specimen. Studies differ on the issue of which technique has superior sensitivity. 252 Some suggest a similar sensitivity for detecting 
squamous carcinoma between fresh, unfixed sputum and material for the Saccomanno technique but lower sensitivity with small cell undifferentiated carcinoma and 
adenocarcinoma. The mechanical blending disrupts cell fragments and shears mucin-containing vacuoles from cells, thus complicating the diagnosis of 
adenocarcinoma. Blending also disperses the cells of small cell undifferentiated carcinoma, so that finding cells among a background of inflammatory cells is difficult. 
In a report by Rizzo et al., the blended technique had a greater sensitivity than the manual smearing method for the detection of lung cancer. 253 The addition of 
dithiothreitol to the sample may also aid processing and improve sensitivity. 254

Another option for specimen processing that we mention for completeness more than for advocacy is the histologic sectioning of paraffin-embedded sputum. Bocking 
and colleagues recently described this approach to the screening of 1,889 patients, 219 of whom had bronchial carcinoma. A sensitivity of 84.5% was reported, when 
at least three specimens were collected. These authors suggest that this method might be suitable for mass screening programs. 255

The decision of which processing method to use is dictated less by choice and more by whether or not the laboratory receives fresh or fixed specimens. A drawback 
to blending methods is the generation of aerosols that pose a risk to laboratory personnel, particularly if Mycobacterium tuberculosis or other infectious agents are 
present. For this reason, all respiratory specimens should be processed following universal precautions, including biohazard containment hoods, if available.

The sensitivity of detecting lung cancer by sputum examination increases with the number of specimens obtained. 230,250 Different studies suggest that the sensitivity of 
single sputum specimens for detection of lung cancer is approximately 50%, whereas the examination of three or more specimens raises sensitivity to nearly 90%. 
The type of tumor and anatomic location further affects sensitivity of lung cancer diagnosis in sputum specimens. The highest sensitivity can be expected with 
centrally located squamous carcinoma. These tumors often involve the bronchial mucosa, and when poorly differentiated, the poor cohesion between tumor cells 
results in the exfoliation of many tumor cells. By comparison, the sensitivity of sputum examination in the diagnosis of SCLC is low. 239,246 The bulk of the tumor is often 
in the bronchial submucosa, so that cells are not shed into respiratory secretions. Also, because individual cells of this tumor can resemble small lymphocytes, more 
cells may be required for their identification to be made with confidence.

The situation where sputum examination appears to be the preferred method for the diagnosis of lung carcinoma is when an immediate diagnosis is not mandatory, so 
that multiple specimens can be collected on an outpatient basis. A diagnosis is possible, without the cost of hospitalization or bronchoscopic lung examination. If one 
is successfully able to diagnose lung cancer by the examination of sputum, the cost of diagnosis may be dramatically reduced. Raab and Hornberger reported that 
sputum cytology, as a first test for central lesions, was cost effective and lowered mortality without affecting long-term survival. 257 Cytologic diagnosis requires an 



experienced pathologist who is capable of rendering a definitive diagnosis of malignancy on sputum materials. Appropriate use of lung cytology presumes that 
surgeons, oncologists, or others responsible for the patient's management will pursue definitive therapy based on the cytologic diagnosis. If the pathologist is only 
willing to interpret such specimens as “suspicious,” or the clinical staff requires tissue biopsy before therapy, the examination of sputum only duplicates other 
diagnostic efforts and adds to cost. The validity of using lung cytology as a definitive technique for the planning of therapy has been recently discussed by Caya et 
al.258 Even when bronchoscopy is planned, the collection of prebronchoscopic sputa can increase the diagnostic yield. Miura et al. described 17 of 114 patients where 
the diagnosis of adenocarcinoma could be made in the prebronchoscopy sputum, but the bronchoscopic examination was normal. 259

Sputum collection can also aid the diagnostic evaluation of elderly or debilitated patients in whom bronchoscopy might be considered hazardous, or where such 
facilities are not available. 247

Bronchial Washing and Brushing

Bronchoscopy has been the most popular method to diagnose lung cancer in recent years. Increased numbers of internal medicine physicians have received training 
in pulmonology. Bronchoscopes have been improved, allowing the direct visualization of endobronchial abnormalities deeper into the lung. In addition modern 
bronchoscopic technique allows the bronchoscopist to collect multiple specimens during a single procedure, so that a transbronchial or endobronchial tissue biopsy 
can be taken in conjunction with any cytologic examination.

Bronchoscopes may be rigid or flexible and are available in various diameters. 260 Although flexible bronchoscopes are much more popular among pulmonologists, 
rigid bronchoscopy may be necessary to sample certain anatomic locations within the lung. Bronchial washing or brushing refers to the sampling of lesions arising in 
the first- second- and third-order bronchi that are directly visualized and sampled. 261,262 Washing of the bronchi is achieved by the instillation of 3 to 10 mL of sterile 
saline, which is immediately reaspirated and taken for cytologic analysis. The resulting specimen is processed by the standard cytologic method for body fluids, which 
includes the preparation of cytocentrifuge slides, smears of large-tube centrifugation, or membrane filter preparations.

Bronchial brushing is suitable to sample any lesion that can be directly visualized by the bronchoscopist. 263,264 Thus endobronchial tumors are relatively easily 
diagnosed by this method. Either a disposable or reusable brush may be used, both offering similar diagnostic yield. 265 The brush used to sample the lesion can be 
smeared onto a glass slide, which is rapidly fixed in ethanol and/or rinsed into normal saline. 266 In some laboratories, the material obtained by brushing is rinsed into 
Saccomanno's preservative. These specimens are then processed in the laboratory by the Papanicolaou technique. It is preferable to perform the washing before the 
brushing because brushing may lead to bleeding which obscures cellular material. Bronchial washing and brushing is often performed in conjunction with 
endobronchial biopsy of exophytic lesions within the lung. This method maximizes the quantity of material available for evaluation. In large studies, the sensitivity of 
single bronchial washing and brushing for detecting lung cancer is approximately 65%. This sensitivity is similar to endobronchial or transbronchial biopsy of the lung. 
Recent studies have shown that combining sputum examination with bronchial brushing achieves sensitivity greater than either method alone. 267

Bronchoalveolar Lavage

Many similarities exist between bronchoalveolar lavage and bronchial washing. Both depend on bronchoscopic methods and use fluid to collect cells from the lung. 
The most substantive difference is that a narrow diameter bronchoscope used in the lavage procedure can be passed into fifth- or sixth-order bronchi. When the 
bronchoscope is placed into a wedged position, so that the lumen of the bronchus is obstructed, saline can be instilled through the bronchoscope. Saline mixes with 
the epithelial lining fluid of the bronchi and alveoli, effectively washing out normal and neoplastic cells, infectious organisms, and chemical constitutes from the lung.

The fluid obtained by lavage can be subjected to multiple types of chemical, microbiologic, immunologic, or cytologic analysis. 268,269 The latter is achieved by the 
preparation of either membrane filters or cytocentrifuge slides for Papanicolaou staining and the preparation of cytocentrifuge slides for a Romanowsky stain, such as 
Diff-Quik or Wright-Giemsa.

Bronchoalveolar lavage is an important tool for the diagnosis of alveolar-based lung diseases. Interest in bronchoalveolar lavage grew out of the experimental studies 
of immunologic lung diseases, such as idiopathic pulmonary fibrosis in the 1960s and the 1970s. The historical development of lavage has been summarized by 
several authors.268,269 and 270 In the 1980s, the popularity of bronchoalveolar lavage grew because it offered a rapid and highly sensitive method to diagnose 
opportunistic infection in immunosuppressed individuals. The number of these patients grew exponentially during this time, reflecting the emergence of the acquired 
immune deficiency syndrome (AIDS) and large numbers of iatrogenically immunosuppressed individuals caused by cancer chemotherapy or organ transplantation. 
Not until the late 1980's was there substantial recognition that bronchoalveolar lavage was well suited for the diagnosis of lung cancer. 271,272 and 273 Bronchoalveolar 
lavage for the diagnosis of lung cancer has been studied in several hundred patients. 271,274,275,276 and 277 Different investigators have reported the sensitivity of lavage to 
range from 30% to 65% for the detection of pulmonary malignancy. The differences in these studies likely reflect methodologic variation because relatively little 
standardization of the lavage method or the manner that the specimen is processed after collection currently exists. Bronchoalveolar lavage can reasonably be 
expected to yield a diagnosis of lung cancer in approximately 60% of patients who have a tumor. In this sense, lavage has a similar sensitivity to other cytologic or 
bronchial biopsy methods. The sensitivity of cancer detection in an individual patient is related to the type of lung cancer. Lavage has a higher diagnostic yield for the 
diagnosis of peripheral lung lesions that cannot be reached by traditional bronchial washing or brushing. 275,276 Lavage is particularly suited for the diagnosis of 
bronchoalveolar adenocarcinoma, where tumor cells within the alveoli are readily washed out by the procedure. 271,277

Fine-Needle Aspiration Biopsy

No technique has affected the utilization of diagnostic cytopathology more than fine-needle aspiration biopsy. Although fine-needle aspiration biopsy is best 
recognized for its suitability in the diagnosis of superficial tumors that arise in the breast and thyroid, transthoracic needle aspiration biopsy under fluoroscopic or 
computed topographic (CT) guidance is widely performed for the diagnosis of pulmonary masses 278,279,280 and 281 and can be coupled with CT examination for staging. 282

 In the fine-needle aspiration procedure, a 22- to 28-gauge needle is passed into a mass, negative pressure is applied with a syringe, and a cutting motion is used to 
dislodge tumor cells from the mass. Cells and small tissue fragments are drawn into the hub of the needle or into the syringe. This material is expelled onto the glass 
slide, and then smeared between two slides. Optimally, both fixed and air-dried smears should be prepared. Rapid immersion of the slide in 95% ethanol is suitable 
for fixation of material that can be subsequently stained by the Papanicolaou technique. The air-dried slide can be stained by a Romanowsky method. Rapid 
assessment of the suitability of an aspirated specimen can also be performed in the radiology suite. 283,284

Often, visible tissue fragments are obtained by the aspiration, particularly if larger bore cutting needles are used in the aspiration procedure. 285,286 These fragments 
contain valuable information, and they should always be embedded into a cell block for tissue sectioning and hematoxylin and eosin staining. The dual examination of 
the cytologic aspirate and the tissue section improves the sensitivity of the aspiration by several percentage points and can result in more accurate classification of 
the histologic type of malignancy.287

Another means to increase the sensitivity is by washing the bore of the needle used in the procedure. 288 Diagnostic material that coats the internal lumen can be 
rinsed out with saline, and then used to prepare membrane filters or liquid-based cytologic preparations (e.g., ThinPrep, Cytyc Corporation, Boxborough, MA; 
Autocyte Prep, Autocyte, Elon College, NC).289 The importance of fine-needle aspiration biopsy as a diagnostic tool is its ability to sample localized lung lesions 
anywhere in the thoracic cavity. Peripheral lung lesions that are inaccessible by bronchoscopic methods can be sampled by fine-needle aspiration biopsy under 
radiographic guidance. Also, aspiration techniques can safely assess centrally located lesions that are next to vital organs. When small-diameter needles are used in 
the aspiration procedure, vital structures such as the aorta can usually be punctured without adverse consequence. Also, the technique is highly accurate. The 
sensitivity of fine-needle aspiration biopsy in the detection of lung cancer exceeds 85%. 278,290

Although most fine-needle aspiration biopsy procedures are done through the chest wall, a modification of the technique can sample mediastinal and peribronchial 
masses through transbronchial aspiration. This technique, pioneered by Wang, requires placement of the tip of the bronchoscope against the bronchial wall, then 
passage of the fine needle through the channel of the bronchoscope. 291 Wang needle biopsy has a diagnostic yield of 25% to 40%. 292,293 This method is particularly 
helpful in the staging of patients with lung cancer and to assess mediastinal or peribronchial lymph nodes. In collecting such specimens, care must be taken not to 
contaminate the transbronchial specimen with intraluminal carcinoma, which results in false staging. 294

Another use of fine-needle aspiration is in the intraoperative evaluation of tumors. The major advantage of this technique is its ability to sample a lesion that may be 
inaccessible to incisional biopsy or be located next to a blood vessel or vital structure. 295 In a recent study by Guarda, a large series of consecutive intraoperative 



cytology was compared with the synchronous frozen section. Agreement of diagnosis occurred in approximately 99% of cases. 296 Another report described only two 
cases where the cytologic and frozen section results were discrepant. 297 The better morphologic detail of cytologic smears can aid the interpretation of frozen 
sections.

The contraindications of fine-needle aspiration biopsy are few. Aspiration should be avoided in patients with a hemorrhagic diathesis, with uncontrollable cough, or 
those who may harbor a pulmonary ecchinococcal cyst. A final word of caution is that the pathologist must maintain an open mind for all differential diagnostic 
possibilities because virtually any malignant or benign neoplasm or inflammatory process can be sampled by fine-needle aspiration biopsy. 298

Normal and Reactive Cells

The cytomorphologic diagnosis of lung cancer requires an understanding of the normal and non-neoplastic reactive cells in respiratory cytology specimens. The broad 
categories of “normal” cells are bronchial epithelial cells, pneumocytes that line alveoli and terminal bronchi, macrophages, and inflammatory cells.

The bronchial epithelial cells, which provide a protective covering for the upper portions of the airways, are distinguished by their columnar shape, having a longer 
axis than width and a basally oriented nucleus. Bronchial epithelial cells may be either ciliated or nonciliated. The cilia that project from the apex of the columnar 
epithelial cell are an important morphologic feature of benign cells. Cilia are anchored to the cell by virtue of a terminal bar, which appears as a linear, eosinophilic 
thickening at the cell apex. Columnar epithelial cells can have extreme morphologic atypia in response to irritants, such as chemotherapy or inflammation. In cytologic 
material, columnar epithelial cells occur singly or in cohesive clusters. The latter pose a threat to be misinterpreted as carcinoma. However, the presence of cilia or a 
terminal bar in a cell constitutes an absolute cytomorphologic marker that the cell is benign no matter how atypical it may appear. If a single ciliated cell is observed 
within a cluster, it is best to interpret all cells in that cluster as benign. Reparative epithelial atypia is a significant consideration in lung cancer diagnosis, which is 
discussed subsequently.

Goblet cells are pear-shaped, nonciliated bronchial epithelial cells with a large mucin-containing cytoplasmic vacuole. This mucin causes cell fragility and accounts for 
their shearing during cytopreparation. Distorted goblet cells can potentially be mistaken for the mucin-containing cells of adenocarcinoma. This diagnosis is 
particularly problematic when increased numbers of goblet cells are present, such as occurs with bronchial irritation, chronic bronchitis, and asthma.

The cytomorphology of alveolar pneumocytes and macrophages is similar. Both are single cells, ranging from 10 to 15 microns in diameter, with a single centrally 
located nucleus. The rounded nucleus has pale, uniformly dispersed chromatin, which is often hypochromatic. Multinucleated macrophages are common, particularly 
in irritated airways caused by cigarette smoking. Often, a single small rounded nucleolus is present. The distinguishing feature of the pulmonary macrophage reflects 
its function. Intracytoplasmic debris, consisting of phagocytized carbon, dusts, red cells, iron, and other material indicate that the cell is a macrophage. Otherwise, it is 
difficult to discriminate macrophages from the type I or type II pneumocytes that line alveoli. 298 As discussed elsewhere in this text, pulmonary pneumocytes have the 
potential to assume bizarre morphologic appearance in response to lung injury, and reparative terminal bronchiolar cells can mimic the bronchioloalveolar type of 
adenocarcinoma.

Inflammatory cells are the final group of normal cells in respiratory material to discuss. Neutrophils, eosinophils, basophils, and lymphocytes are present in different 
proportions within the lung. Increased numbers of one or another type of inflammatory cells serves as a marker of pulmonary infection, immunologic lung disease, or 
nonspecific tissue injury.299 It has been suggested that lymphocytic inflammation is a marker of cancer within the lung. 300 Inflammation may be a consequence of 
bronchial obstruction, reflect a yet undefined immunologic response against the carcinoma, or be incidental. In the routine practice of cytopathology, however, the 
identification of inflammatory cells provides little clue about the presence of pulmonary neoplasia. One possible exception may be the high percentage of lymphocytes 
seen in the differential cell count of the bronchoalveolar lavage of patients with primary or metastatic Hodgkin's disease, or in the slide background of fine-needle 
aspiration in Hodgkin's disease. 301,302

One important aspect of lymphocytic inflammation is the potential of lymphocytes to be misinterpreted as SCLC, which is discussed in more detail in the following 
section.

Pulmonary Malignancy

Carcinomas of the lung, pulmonary sarcomas, extranodal lymphomas, and metastatic tumors constitute the gamut of malignancy within the lung. The morphology of 
lung tumors has been well described in books and monographs. 269,303,304 Our discussion focuses on lung carcinoma, except for the mention of differential diagnostic 
considerations.

Squamous Cell Carcinoma In Situ

As discussed elsewhere in this chapter, squamous cell carcinoma appears to arise from a multistage carcinogenesis model where reserve cell hyperplasia, squamous 
metaplasia, and atypical squamous metaplasia precede the development of in situ squamous carcinoma, which in turn precedes invasive carcinoma. 46 This sequence 
bears similarity to the process that occurs in the uterine cervix, although our understanding of the pulmonary counterpart is less complete. The classic cytologic 
studies of the development of squamous cell carcinoma in situ are those of Saccomanno, who documented progressive changes in the epithelial cells of uranium 
workers who smoked cigarettes.251 Many others have described the occurrence of in situ carcinoma of the bronchi.305,306 Morphologically, the tumor sheds small, 
rounded single cells, with nuclear features of malignancy—high nuclear to cytoplasmic ratio, hyperchromasia, and irregular thickening and thinning of the nuclear 
envelope. A thick band of chromatin is often present along the periphery of the nucleus. Bizarre cells, and a necrotic slide background that typifies invasive 
carcinoma, are not features of in situ squamous cell carcinoma.

There has been substantial interest in the use of cytologic screening to identify persons at risk for invasive squamous carcinoma, with the hope that the dramatic 
reduction in mortality that was observed with cervical cancer could be duplicated in the lung. 246,307,308 and 309 Several major lung cancer screening projects have been 
undertaken. Most notable are the Mayo Clinic Lung Project, and those at Johns Hopkin's University and Memorial Sloan-Kettering. These studies indicate that in situ 
or early invasive carcinoma can be detected by cytologic screening. While a tendency existed to identify patients with a lower stage of disease with a greater 
survivorship in those screened, no significant difference in lung cancer mortality rate existed between screened and control groups. The conclusion of these studies is 
that results do not justify recommending large-scale radiologic or cytologic screening for early lung cancer. 308 Recent reanalysis of these studies, however, has 
questioned this conclusion and advocated additional trials assessing the utility of screening (see also Chapter 22).

Squamous Cell Carcinoma

The cytologic diagnosis of this tumor rests on two separate observations: (a) the recognition of abnormal nuclear morphology to affirm that a population of malignant 
cells is present, and (b) the identification of squamous differentiation within the cytoplasm. In respiratory cytologic material, the nuclear morphology of squamous cell 
carcinoma is diverse. Nuclei may be large or small, round or irregularly shaped, and have chromatin that is dispersed throughout the nucleus, coarse, or condensed 
so that the nucleus is totally opacified ( Figure 26.28). Cells with these sharply angulated and opacified nuclei most typify squamous cell carcinoma ( Figure 26.28). 
Although macronucleoli are most characteristic for pulmonary adenocarcinomas, nucleoli are often present in cells with squamous differentiation.



FIGURE 26.28. Squamous cell carcinoma, cytology. Although this cell is not particularly large, it has atypical nuclear morphology. Squamous cell carcinoma is 
characterized by variably sized keratinized cells. The chromatin in this cell is heavily condensed, and the nucleus is irregularly shaped.

Cells of squamous cell carcinoma assume various shapes, from the classic polygonal cell to bizarre triangular or tadpole-shaped cells. The tadpole-shaped cells may 
contain a unique cytoplasmic manifestation—the Herxheimer spiral, which represents condensed keratin proteins. Cells may be single, or more commonly, in a sheet.

The defining quality of squamous cell carcinoma is cytoplasmic keratinization of tumor cells ( Figure 26.28) that is morphologically manifested by cytoplasmic 
orangophilia or deep cytoplasmic cyanophilia with the Papanicolaou stain. The keratin imparts a refractile quality to the cytoplasm, which is best appreciated by 
lowering the condenser of the microscope. A hallmark feature of squamous cells is so-called endo-ectoplasmic ringing—a deep cyanophilic or eosinophilic band of 
keratin material that is deposited along the periphery of the cell. Ultrastructurally, this band corresponds to the tonofibrillar bundles that are involved in anchoring the 
cells through desmosomal attachments. The keratin fibrils are responsible for the well-defined, sharp cytoplasmic border of squamous cells. Although orangophilia is 
a feature of keratinization, it is incorrect to presume that all orangophilic cells are from a squamous cell carcinoma. Metaplastic cells, macrophages, or pneumocytes 
are deeply orangophilic when they are air-dried.

Squamous cell carcinoma undergoes cavitation more often than other primary lung tumors, which results in the exfoliation of many cells into respiratory 
specimens.73,310 Tumor-rich specimens, combined with the tendency of squamous cell carcinoma to arise in the central portion of the lung, make the cytologic 
diagnosis of this tumor relatively straightforward.

The manner in which the cytologic specimen is collected affects tumor cell morphology. With squamous cell carcinoma, the major effect is degeneration of cells 
expectorated in the sputum. These cells are smaller, have opacified chromatin, and are more likely to be orangophilic than cells obtained by the direct sampling of a 
tumor by fine-needle aspiration or bronchoscopic techniques.

The differential diagnosis of invasive squamous cell carcinoma includes squamous cell carcinoma in situ, other types of lung cancer, atypical squamous metaplasia, 
and reparative cellular reactions. Each type is discussed elsewhere in this chapter.

Adenocarcinoma

Three cytologic types of pulmonary adenocarcinoma are recognized: acinar, bronchioloalveolar, and papillary. The common acinar cell type typifies the general 
concept of adenocarcinoma as a gland-forming tumor. In cytologic material, glands are three-dimensional cell clusters ( Figure 26.29). By changing the plane of focus 
of the microscope, the lumen of the glandular acinus can be demonstrated. Adenocarcinoma cells have a rounded to polygonal shape with a large nucleus. In 
comparison to squamous cell carcinoma, the chromatin of pulmonary adenocarcinoma is less condensed and may assume a bland, water-clear quality. This 
appearance often complicates the diagnosis of pulmonary adenocarcinoma because reactive bronchial epithelial cells and stimulated macrophages can have similar 
nuclear chromatin. A single rounded eosinophilic macronucleolus in the center of the nucleus is a feature of adenocarcinoma ( Figure 26.29). Although nucleoli occur 
in other types of lung cancer, they are often multiple, smaller, or irregularly distributed throughout the cell.

FIGURE 26.29. Adenocarcinoma, cytology. This cluster of tumor cells has a broad depth of focus. Mucin within the cytoplasm imparts a soap-bubble quality. Tumor 
cells have centrally placed macronucleoli.

The cytoplasm of adenocarcinoma cells is cyanophilic, with cells having an indistinct border. Mucin within the cytoplasm can impart a foamy quality to the cytoplasm 
or coalesce into one or more large vacuoles ( Figure 26.29). Complex internal structure to these vacuoles is an aid in distinguishing mucin-containing vacuoles from 
imbibition vacuoles that occur in the cytoplasm of macrophages as they drink in fluid. An assessment of the relationship between the large cytoplasmic vacuoles and 
the nucleus can aid the diagnosis of malignancy. The ease with which malignant nuclei are deformed allows the nucleus to mold around the vacuole, which imparts a 
sharp edge to the nucleus.

The bronchioloalveolar cell type of adenocarcinoma arises in the distal portions of the respiratory tract. This type of adenocarcinoma has several morphologic 
features that distinguish it from the acinar cell type. Although cell clusters with extreme depth of focus may be present, these do not contain three-dimensional acini. 
These cell clusters may assume a papillary configuration, although a central fibrovascular stalk is not present. Aside from numerous single cells, small flower petal or 
floret clusters of cells are typical of bronchioloalveolar cell carcinoma. If one word were chosen to describe the nuclear morphology of this tumor, it would be “bland.” 
The nuclei are rounded or bean-shaped with gentle folds and contain finely granular chromatin and small nucleoli. The blandness of the tumor cells often proves 
challenging in separating macrophages and reactive cells that have originated in the terminal portions of the bronchus.

Reactive terminal bronchiolar cells are an enormous potential diagnostic pitfall, as discussed following. Psammoma bodies accompany some cases of 
bronchioloalveolar carcinoma. Although they are important to stimulate the search for tumor, they may occur with reactive bronchial epithelium or other pulmonary 
tumors.

The papillary type of adenocarcinoma is among the most uncommon primary pulmonary neoplasms, accounting for 9% of adenocarcinoma in a WHO series. 117 The 
defining feature of this tumor is the three-dimensional architectural structure of tumor cells supported on a fibrovascular stalk. 311 Only scattered reports of the cytology 
of this tumor exist, one of which described psammoma bodies within the tumor.312 Similar to bronchioloalveolar cell carcinoma, the nuclear morphology of the cells is 
relatively bland. These two tumors can be difficult to distinguish because papillary structures occur in both.

As discussed elsewhere in this chapter, adenocarcinoma of the lung has been diagnosed with increasing frequency in recent years. Because the predominant 
location of pulmonary adenocarcinoma is in the periphery of the lung, techniques that are best suited toward this diagnosis include percutaneous needle aspiration 
and bronchoalveolar lavage.

Small Cell Carcinoma

At the opposite end of the size spectrum is SCLC. The WHO in 1981 described three subtypes, including the oat cell type, intermediate cell type, and combined type. 5

 This classification was modified by the IASLC in 1988, who proposed three categories: (a) SCLC (b) mixed small cell/large cell carcinoma, and (c) combined 
SCLC.133 The small cells are rounded or carrot-shaped ( Figure 26.30). The diameter of cells from SCLC is approximately one-and-a-half to two times that of a small 
lymphocyte. At low magnification, tumor cells appear to lack cytoplasm, but at high magnification, a thin rim of cytoplasm can be discerned in well-preserved cells. 
Cells of SCLC can occur singly, in a linear arrangement within respiratory mucus, or in loosely cohesive clusters ( Figure 26.30). The most characteristic features of 



SCLC are found in these clusters. One feature is the molding of tumor cells around each other, the result of the rapid growth rate of the tumor within the confined 
space of the submucosa (Figure 26.30). Another diagnostic feature is the necrosis of individual tumor cells within cell clusters. These pyknotic tumor cells are 
surrounded by neutrophils. Cells within the cluster may have nuclear crush artifact, similar to the crush artifact well known to pathologists in bronchial biopsy 
material.313

FIGURE 26.30. Small cell carcinoma, cytology. Tumor cells from small cell carcinoma have negligible cytoplasm. Cells are closely apposed to each other, creating the 
nuclear molding that typifies this tumor.

SCLC includes cases that have a larger cell size, with a diameter approximately three times the diameter of a lymphocyte. These cases correspond to those cases 
regarded as the intermediate subtype of SCLC as defined by the WHO in 1981. 5 Distinguishing this tumor from poorly differentiated NSCLCs can be difficult. A 
particular challenge is the so-called large cell type of neuroendocrine carcinoma that has close similarity to large cell carcinoma.

The combined type of SCLC poses another diagnostic problem. This tumor harbors both SCLC and NSCLC in significant proportions. The latter component may be 
squamous cell carcinoma, adenocarcinoma, or large cell carcinoma, individually or in combination. This entity is relatively common because a NSCLC component 
occurs in 5% to 10% of cases of SCLC.133 This percentage may be higher when more comprehensive evaluation is computed of the tumor by multiple sections. 
Patients with combined tumor may have a prognosis poor than those with SCLC.314

The major differential diagnostic considerations with SCLC are reserve cell hyperplasia, inspissated mucus, lymphocytes, and other small cell tumors. By far the most 
common problem is reserve cell hyperplasia. Reserve cells normally lie along the basement membrane of the epithelium, where they serve as progenitors for 
bronchial epithelial cells. Irritation of the airways stimulates reserve cell proliferation. Several features correctly identify reserve cells. They are approximately the size 
of a small lymphocyte, with dense chromatin that lacks the granularity or micronucleoli that can be found in SCLC. Reserve cells are almost always tightly clustered, 
and cells within the cluster usually retain cell boundaries, without the extreme nuclear molding that characterizes SCLC.

Although crushed lymphocytes are more often a differential diagnostic problem in bronchial biopsy specimens, they can be problematic in cytologic material. Of 
particular note are the changes of bronchial-associated lymphoid tissue that follow infection or bronchial irritation. The expansion of germinal centers with immune 
stimulation sheds lymphoid cells that are similar in size to SCLC. However, lymphoid cells are usually well-rounded and have a characteristic chromatin pattern.

Large Cell Carcinoma

The cytologic diagnosis of large cell carcinoma is one of exclusion. This tumor is defined by the absence of cytologic features that are characteristic of either 
squamous cell carcinoma or adenocarcinoma. Thus the cells from this tumor lack evidence of cell keratinization, endoplasmic ringing, or cytoplasmic mucin. Large cell 
carcinomas usually display ample malignant characteristics within the nucleus. There are marked aberrations in the chromatin pattern, coarse chromatin, irregular 
nuclear contours, and large irregular nucleoli. The nuclear to cytoplasmic ratio is high, with tumor cells having a scant cytoplasm with an ill-defined cytoplasmic border 
(Figure 26.31). The tumor often exfoliates many highly malignant cells. However, poorly differentiated adenocarcinomas and squamous cell carcinomas can also 
exfoliate many single cells, so that further sampling of the tumor may reveal inconsistencies between the cytologic diagnosis of large cell carcinoma and the 
subsequent histologic diagnosis. A variation of large cell carcinoma is giant cell carcinoma, which consists of multinucleated tumor cells that are many-fold the 
diameter of surrounding cells.

FIGURE 26.31. Large cell carcinoma, cytology. Cells of large cell carcinoma are markedly pleomorphic with multiple nucleoli. No features of squamous or glandular 
differentiation are present.

Neuroendocrine Tumors

Pulmonary carcinoid tumors are well known to diagnostic pathologists. However, in a study by Anderson et al., approximately one-quarter of typical carcinoids were 
misdiagnosed as either non-Hodgkin's lymphoma or as normal lung cells in aspirated material. 315 Appreciating the cytologic features of this tumor, the stripped 
cytoplasm, course chromatin, and plexiform vascularity is important for correct diagnosis. 316,317 The spindle cell variant of carcinoid tumor poses a different problem in 
needle aspiration material because it may be mistaken for sarcoma, spindle cell variants of carcinoma, and benign mesenchymal cells. 318

Accuracy of Lung Cancer Diagnosis by Cytologic Methods

Several aspects recur in any discussion of the diagnostic accuracy of lung cytology. The first is the issue of sensitivity—how often any one cytologic method 
accurately identifies lung cancer in a patient when tumor is actually present. This issue has been thoroughly reviewed by Johnston and Bossen, leading these authors 
to conclude that an unequivocal cytologic diagnosis could generally be made in approximately 50% of cases where sputum or bronchial material was obtained. 256 The 
diagnosis was facilitated by the examination of multiple lower respiratory tract specimens with optimum sensitivity, requiring examination of up to five specimens. 
These authors also noted that examination of multiple specimen types, a combination of both sputum and bronchial material, were essential for maximum diagnostic 
accuracy, and that sputum examination was equal to if not superior to bronchoscopic exam. Fine-needle aspiration, as mentioned previously, has a higher sensitivity 
of approximately 90%. The most comprehensive analysis of pulmonary fine-needle aspiration was reported as part of the College of American Pathologists Q-probe 
Quality Assurance Program. In this study of 13,094 lung fine-needle aspirates at 436 institutions, the sensitivity of the fine-needle aspiration procedure was 89%, with 
96% specificity, 99% positive predictive value, and 70% negative predictive value. The false-positive rate was 0.8%, and the false-negative rate was 8%. 319 The issue 
of false-negative cytology is vexing for pathologists because the absence of abnormal cells may be caused by either sampling error (no abnormal cells were collected) 



or interpretive errors (abnormal cells on the slide were not correctly identified). 320 In a recent study of negative predictive value of lung needle aspiration cytology by 
Zakowski et al. the recommendation of repeat aspiration was made when no specific benign diagnosis was made. 321

The sensitivity of lung cancer detection may be aided by the simultaneous measurement of carcinoembryonic antigen in respiratory specimens. 322,323 
Immunohistochemic staining for CEA, or other markers, can be performed directly on slides that have been previously stained by the Papanicolaou technique. 324

Comparative studies have assessed the relative sensitivity of bronchial washing/brushing with bronchial biopsy. Naryshkin et al. described 224 cases where 75% 
correlated completely. In the remainder, biopsy and cytology were diagnostic in relatively equal proportions, leading the authors to conclude that a specific diagnosis 
was obtained more often from the combination of cytology and biopsy than from either alone. 325 Others, in comparing diagnostic techniques, have reached a similar 
conclusion.237

The issue of specificity has two elements (a) how often, when a diagnosis of malignancy is rendered, is this interpretation correct, and (b) how successful is cytology 
in predicting the classic histologic types of malignancy. Avoiding poor specificity, where many false-positive malignant diagnoses are made, requires a careful 
attention to the nuclear morphologic features that classically predict malignancy. Nevertheless, even expert cytopathologists may render a false-positive diagnosis. In 
large series, the reported false-positive rate because of atypical forms of metaplasia and reactive and reparative changes ranges from of 0% to 2%.

The other aspect of specificity relates to the correlation between different types of respiratory tract specimens. Comparisons may be made among sputum, bronchial 
cytologic specimens, fine-needle aspiration, and histologic materials. In a large study by Johnston, the prediction of histologic type of primary lung cancer from 
sputum and bronchial material was compared with histologic diagnosis. The rate of concordance was 85% with squamous cell carcinoma, 79% with adenocarcinoma, 
30% with large cell carcinoma, 93% with SCLC, and 30% with adenosquamous carcinoma.326 Recent studies have confirmed this observation. 327 As mentioned 
previously, the variable sampling of different areas within a tumor accounts for most of the poor correlation between cytologic and histologic diagnoses. Fortunately, a 
relatively high correlation rate exists between the histologic and cytologic diagnosis of SCLC. As discussed elsewhere in this book, the distinction between SCLC 
versus NSCLC is important for selection of therapy.

Previously, we mentioned the disadvantage of overusing the “suspicious” diagnosis. The definitive diagnosis and classification of cancer by cytology permits prompt 
planning of therapy. However, “suspicious” or “suspect” is useful as a diagnostic category because some respiratory specimens contain abnormal cells that lack 
definitive diagnostic features of malignancy. 328 At least 50% of these patients will have carcinoma on subsequent evaluation.

Differential Diagnostic Problems in Pulmonary Cytology

The preceding discussion has mentioned several problems that complicate the diagnosis of lung cancer. These issues have recently been reviewed in a monograph 
addressing errors and pitfalls in diagnostic cytology. 329 A common and treacherous problem is that of reactive airway epithelial cells from altered lining epithelium. 330 A 
wide variety of external stimuli of infectious agents and other relatively nonspecific factors can cause abnormal cell morphology. Previously, we discussed the 
problems posed by squamous metaplastic or by hyperplastic reserve cells, mimicking squamous carcinoma and SCLC, respectively. A greater problem is atypia of 
bronchial epithelial cells, where individual cells or cells in clusters simulate NSCLC. Reactive bronchial epithelial cells may have a nuclear diameter five to ten times 
that of a resting columnar epithelial cell. The cytoplasm does not proportionately increase in quantity, so that gross changes in nuclear to cytoplasmic ratio are 
common. As discussed previously, the presence of cilia or a terminal bar on these cells is key to correctly interpreting their reactive nature.

Unfortunately, a definitive marker such as cilia does not exist for atypical terminal bronchiolar cells. When irritated, cells that line alveoli and terminal bronchioles 
assume a morphology that is similar to bronchioloalveolar adenocarcinoma. 231 Reactive cells of terminal bronchiolar origin occur with pulmonary infection, pulmonary 
infarction, and virtually any cause of diffuse alveolar damage. 332

The differential diagnosis of lung cancer must also include consideration of metastatic carcinoma, sarcomas, and hematolymphoid malignancies. Each of these 
diseases can shed cells that resemble lung carcinoma into the respiratory tract. 333
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Human tissues consist of multiple interacting cell populations in a complex three-dimensional arrangement, with each cellular phenotype determined by a unique 
profile of mRNA and protein expression. Molecular analysis of specimens geared toward an understanding of individual cell types requires methods and approaches 
that permit histopathologically defined cell types to be selectively studied. This approach is particularly important for pathologic processes where the diseased cells 
constitute only a small percentage of the total cells present in a sample, or, as in the case of tumor progression, the disease evolves through stages represented by 
discrete microscopic foci. To date, this goal has been accomplished primarily through immunohistochemical and in situ hybridization studies. Although these 
techniques have been useful tools to examine tissue specimens, they are limited to single gene analysis and in general do not allow qualitative studies (mutation, 
deletion analysis) of DNA, mRNA, or proteins to be performed. Thus microdissection has become an increasingly useful method to study defined cell types from tissue 
samples.1 In concert with newly developing molecular analytical techniques, this approach allows for a highly sensitive and specific means to study disease processes 
as they exist in vivo. Many techniques of microdissection have been developed and are briefly described in following sections. The present chapter focuses primarily 
on laser capture microdissection, a new technology invented at the National Institutes of Health, which has been developed into an automated and high-throughput 
system, with examples of its use in lung neoplasms.

DEVELOPMENT OF TISSUE MICRODISSECTION TECHNIQUES

The concept of tissue microdissection is simple; that is, procuring a specific population of cells from a heterogeneous tissue sample under direct microscopic 
visualization. However, in practice the approach is technically challenging. Early efforts entailed grossly removing tissue from a frozen section slide or utilizing a 
scalpel blade to scrape sections and procure cells of interest. 2,3 Subsequently, the use of a manual or micromanipulator-guided needle with an adhesive tip was 
developed, which improved the accuracy and reliability of microdissection. 4,5 A technical advance known as selective ultraviolet radiation fractionation (SURF) was 
developed using ink to protect against ultraviolet irradiation and obliterating the genetic material of the unwanted surrounding tissue. 6 A similar method was developed 
for isolating single cells, which utilizes a high-energy ultraviolet laser microbeam to obliterate the unwanted cells. The desired cells are then retrieved by a needle. 7 
Another laser-based method called non-contact laser microdissection of membrane-mounted native tissue was developed, which involves placing a tissue section 
onto a membrane on a glass slide and using a high-intensity ultraviolet beam to cut out an area of tissue/membrane that can subsequently be recovered. 8,9

LASER CAPTURE MICRODISSECTION

Laser capture microdissection (LCM) is a positive selection method that was developed at the National Institutes of Health (NIH) and designed to permit simple, fast, 
and reliable microdissection of tissue. 10,11 The system utilizes an infrared laser integrated into a standard microscope with alignment into the optics subsystem. The 
technique relies on the use of a thermoplastic transparent film, which lies on the surface of a routinely prepared tissue section on a glass slide. The investigator 
examines the tissue section microscopically and activates the laser when the desired cells underlie the target. This laser activates the film with subsequent binding 
and procurement of the cells of interest (Figure 27.1). The laser pulse is brief (approximately 5 msec) and the membrane is activated at 90°C, thus the tissue 
experiences only a brief thermal transient as the heat generated from the membrane is rapidly dissipated. LCM allows for visualization and image capturing of tissue 
as it is microdissected including images of the tissue before and after microdissection. This ability is critical in maintaining an accurate record of each dissection and 
correlating histopathology with subsequent molecular results. In the following sections, the principles of tissue handling, staining, and dissection using LCM are 
discussed. Current and regularly updated protocols can be found on the websites listed in the Web Resources section at the end of the chapter. Examples of research 
studies utilizing LCM are also presented at the end of the chapter in the References section.

FIGURE 27.1. Laser capture microdissection (LCM) system showing the process of microdissection of cells from tissue. The laser beam activates the thermoplastic 
film embedding the underlying cells, which can then be separated from the tissue. (See Color Figure 27.1.)

TISSUE PROCESSING FOR LCM

The importance of specimen handling for tissues to be used for molecular analysis cannot be overstated. Factors such as the time interval between surgical removal 
and sample processing, type of fixative and embedding medium, and length of fixation time have a significant impact on the recovery of nucleic acids and proteins. If 
the investigator is unaware of the time interval between surgery and sample processing, the quality of macromolecules in each specimen needs to be determined 
empirically. As a practical approach in this situation, we start with a scrape of a tissue section to assess the quality of DNA, RNA, or proteins of the specimen before 
utilization of the tissue in a study. Thus cases that are sufficient for a given analysis can be identified prior to the time and effort involved in microdissection.

After tissue is removed from a patient, it can be either frozen or placed in fixative and embedded. Both approaches have advantages and disadvantages. The major 
advantage of tissue freezing is the excellent preservation of DNA, RNA, and proteins, including active enzymes. The disadvantages include the relatively poor 
histologic detail on examination and the logistic problems associated with storing blocks and recut slides in freezers. The advantages of studying fixed and embedded 
tissue include ease of use, optimal histology, and generally abundant amount of archival patient material available for study. The major disadvantage is the generally 



lower quality macromolecules that can be recovered from fixed and embedded samples.

Frozen Tissue

Immediately after removal from the patient, the tissue should be subdivided into thin pieces and immediately snap frozen in embedding compound and stored at 
-80°C. Cutting sections is performed using a standard cryostat at -20°C and standard noncoated glass slides. The recut sections can be temporarily stored in the 
cryostat while being cut; however, the slides must not be left at room temperature for any length of time because the tissue will stick irreversibly to the slide and 
interfere with subsequent LCM.

Embedded Tissue

The critical element of tissue fixation and embedding is to maintain excellent histologic detail while preserving the biomacromolecules and allow for practical handling 
of the embedded blocks. The standard protocol of formalin-fixation and paraffin-embedding of tissue seriously limits studies of mRNA and protein. However, the tissue 
can still be used for DNA analysis. If cases have been properly fixed and processed, then excellent polymerase chain reaction (PCR) amplification occurs in close to 
100% of cases. We and other groups are currently examining the effects of various fixatives and embedding compounds on recovery of biomacromolecules. 
Strategies using non–cross-linking fixatives and low-temperature embedding compounds appear promising. 12,13 and 14

Staining

Slide staining should be conducted immediately before microdissection is performed. Hematoxylin and eosin staining as performed in a histopathology laboratory is 
the standard for LCM; however, elimination of hematoxylin improves subsequent DNA amplification by PCR. Recently, an adjunct protocol using immunohistochemical 
staining to improve cell targeting has been developed 15 Staining reagents are changed on a daily basis to avoid cross contamination between cases.

LCM

Once the tissue has been properly processed, sectioned, and stained, it is ready for microdissection. The tissue is visualized under the microscope and an initial 
roadmap image as well as predissection, postdissection, and cap images are taken to document the histology, the steps of microdissection, and the microdissected 
cells, respectively. The laser beam size may be adjusted from 7.5 mm to 30 mm to allow microdissection of either groups of cells or single cells depending on the 
investigator's needs. For example, Figure 27.2 shows microdissection of normal bronchiolar epithelium, and Figure 27.3 shows microdissection of a single 
bronchioloalveolar carcinoma cell. The total number of cells procured depends on the molecular analytical technique being employed. After the microdissection is 
complete, the cap with microdissected cells is placed onto an Eppendorf tube containing the appropriate buffer for molecular analysis. The tube is then inverted to 
allow the lysis of the cells, and the sample is ready for molecular analysis.

FIGURE 27.2. Microdissection of normal bronchiolar epithelium. A: roadmap, (B) before microdissection, (C) after microdissection, and (D) cap with dissected tissue 
(200 X magnification). (See Color Figure 27.2.)

FIGURE 27.3. Microdissection of a single cell from bronchioloalveolar carcinoma (arrow). A: roadmap, (B) before microdissection, (C) after microdissection, and (D) 
cap demonstrating microdissected cell (1000 X magnification). (See Color Figure 27.3.)

EXAMPLES OF TISSUE MICRODISSECTION

The combination of tissue microdissection and emerging molecular analysis technologies significantly expands the opportunities for study of pathologic processes 
such as cancer. For example, as illustrated in Figure 27.4 many techniques can be applied to LCM-derived cell samples to examine the DNA mutational events that 
occur during tumorigenesis as well as the patterns of gene expression at each stage of disease progression. Examples of two applications of tissue microdissection in 
cancer research performed in the Pathogenetics Unit of the Laboratory of Pathology, National Cancer Institute (NCI) are presented as follows.

FIGURE 27.4. Application of LCM to study the molecular events associated with cancer progression. The expression pattern of proteins (two-dimensional gel 
electrophoresis or immunoassays), RNA (differential display, microarray hybridization, or cDNA libraries), and DNA genotype (mutational analysis, loss of 
heterozygosity, comparative genomic hybridization) can be compared within the same patient. In the tissue section, normal precursor epithelium, premalignant 



lesions, and invasive cancer foci can be microdissected and compared. (See Color Figure 27.4.)

Multiple Endocrine Neoplasia Type I

Multiple endocrine neoplasia type I (MENI) is an inherited syndrome characterized by development of multiple neuroendocrine (NE) tumors in affected individuals. To 
precisely localize the genomic location of the gene on chromosome 11q13, we performed loss of heterozygosity (LOH) analysis in 188 tumors from 81 patients using 
tissue microdissection. 16 Six tumors (three MENI, three sporadic) were identified, which provided important gene location boundaries and indicated that the gene was 
located between markers PYGM and D11S4936, a region of approximately 300 kb. Subsequent DNA sequencing from the identified minimal interval on chromosome 
11q13 identified the MENI gene, which contains 10 exons and encodes a ubiquitously expressed 2.8 kb transcript. 17

To investigate the role of the MENI gene in lung neuroendocrine cancers NE tumors, we studied a series of sporadic lung tumors (11 carcinoids, 13 large cell 
[LCNECs], 9 primary small cell lung cancer [SCLC], 35 SCLC cell lines) to determine if MENI gene inactivation was involved in the pathogenesis of these lesions. 18,19 
Each tumor was analyzed for allelic deletions and mutations of the MENI gene using tissue microdisection combined with dideoxy fingerprinting (ddF) for mutational 
screening, and LOH analysis at the locus of the gene on chromosome 11q13. In 4 of 11 (36%) carcinoids both copies of the MENI gene were inactivated. All four 
tumors showed the presence of a mutation in one allele of the gene and LOH of the second allele. Observed mutations included a 1 bp insertion, a 1 bp deletion, a 13 
bp deletion, and a single nucleotide substitution affecting a donor splice site. Each mutation predicts truncation of menin. The remaining seven carcinoids showed 
neither the presence of an MENI gene mutation nor 11q13 LOH. All SCLCs and cell lines were negative for MENI gene mutations. LOH at 11q13 was detected in 20% 
of SCLCs and cell lines, most likely a consequence of genomic instability not specifically related to MENI gene inactivation. None of the 13 LCNECs showed 11q13 
LOH. Interestingly, one LCNEC case showed a 1 bp frameshift deletion of the MENI gene predicting protein truncation. This finding is the first demonstrated mutation 
in a tumor outside the usual MENI-associated realm, and the first mutation to be observed in a tumor that does not demonstrate loss of the second allele. In summary, 
the data implicate the MENI gene in the pathogenesis of sporadic lung carcinoids, representing the first defined genetic alteration in these tumors. MENI gene 
inactivation was found to occur infrequently in LCNEC, and was not observed in SCLC.

NCI Cancer Genome Anatomy Project

An understanding of the in vivo gene expression profiles that occur in normal and tumor cells has multiple uses in the fight against human cancer, from promoting new 
insights and hypotheses regarding fundamental tumor development to identifying new diagnostic and therapeutic markers. 20 To promote efforts to understand cancer 
development and progression at a molecular level, the NCI recently began the Cancer Genome Anatomy Project (CGAP). The primary goals of the project are: (a) 
discovery of novel human genes toward a complete human unigene set; and (b) assessment of the technical challenges associated with creating molecular 
fingerprints of cancer progression, and development of appropriate technologic and informatics tools to facilitate this process.

cDNA libraries were prepared from lung, colon, prostate, breast, and ovarian tumors using tissue microdissection and subjected to 3' end sequencing. 21,22 All data 
from the project are immediately made available to the public and can be viewed on the CGAP website ( http://www.ncbi.nlm.nih.gov//ncicgap/) along with analysis 
tools to analyze patterns of gene expression.
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Clonal, somatic chromosome alterations are well documented in many human cancers and may be indicative of molecular events critical in tumorigenesis. Some of 
these chromosome abnormalities, mainly balanced reciprocal translocations, are associated specifically with certain types of leukemias, lymphomas, and sarcomas. 1,2 

and 3 Specific reciprocal translocations have been found that alter the expression of dominantly acting oncogenes or other cell-growth-related genes located at or very 
near the site of chromosomal exchange. For example, in Burkitt's lymphoma, the translocation-mediated juxtaposition of the MYC protooncogene, located in 
chromosome 8, and one of the immunoglobulin loci, located in chromosomes 2, 14, and 22, leads to the deregulated expression of MYC. Other reciprocal 
translocations produce fusion genes, such as the ABL-BCR rearrangement, caused by a specific translocation between chromosomes 9 and 22, which is observed in 
some types of leukemia. As a result of this rearrangement, a hybrid mRNA transcript and a novel protein with tyrosine kinase activity are produced. In many of these 
malignancies, a balanced rearrangement is the only cytogenetic abnormality present. In contrast, in lung carcinomas and other common types of epithelial tumors, the 
karyotypes often exhibit multiple genetic alterations. Tumor-suppressor genes (TSGs) are important in these neoplasms, but oncogenes (e.g., members of the RAS 
and MYC families) can also be involved in these tumors. A paradigm for such malignancies is colorectal cancer, in which tumorigenesis proceeds through a stepwise 
series of genetic changes involving TSGs such as APC and TP53 and oncogenes such as KRAS.4

Lung carcinomas are now the leading cause of cancer mortality among both men and women in the United States, projected to account for more than 171,000 deaths 
in 1998.5 Cytogenetic and molecular cytogenetic analyses of lung tumors can reveal specific genomic imbalances that can have clinical significance with regard to 
prognosis and therapy. Despite the high incidence of lung cancer, the cytogenetic data available are rather limited in this neoplasm compared to that available for the 
hematologic malignancies.3 Primary lung tumor specimens often have a low mitotic index, which makes obtaining an adequate number of metaphase cells suitable for 
detailed karyotypic analysis difficult. Moreover, the karyotypes can be extremely complex with many additional chromosomes, complicating efforts to identify 
consistent changes. Reports describing detailed karyotypes of primary small cell lung cancer (SCLC) specimens have been limited to only a few cases. 6,7 and 8 
Whang-Peng and colleagues were the first to describe a consistent clonal abnormality, deletion of the short arm of chromosome 3 (3p), in tumor cells from SCLC 
patients.9 Other recurrent deletions have also been reported in SCLC. 8,10 In addition, extrachromosomal double minutes (dmins) and intrachromosomal 
homogeneously staining regions (hsrs), two cytogenetic manifestations of gene amplification, have been observed in SCLC, particularly in cell lines derived from 
these tumors.8,11,12 Prior to 1994, detailed reports of karyotypes of primary non–small cell lung cancers (NSCLCs) were limited to several small series, usually of fewer 
than 10 patients,13,14,15,16 and 17 or several selected cases or case reports. 18,19,20,21,22 and 23 Other early descriptions of cytogenetic changes in NSCLC have been 
made,24,25,26,27,28,29,30,31,32 and 33 but these either did not provide complete karyotypes or reported on metastatic tumors, effusions, or established cell lines that had been 
cultured for many passages. Since 1994, several large series have described karyotypes from short-term cultures of primary NSCLCs. 24,25,26 and 27 Even though 
karyotypes in NSCLC are generally very complex, recurrent cytogenetic changes have been identified. For example, Lukeis and colleagues described a nonrandom 
chromosomal abnormality, deletion of the short arm of 9, in 9 of 10 NSCLCs,;s 5 and frequent numerical loss of chromosome 9 has also been reported. 34,35 Recently, 
several other recurrent chromosome alterations have been identified in NSCLCs.

This chapter summarizes cytogenetic studies of lung carcinomas performed by the authors and by other investigators worldwide. In addition, the importance of recent 
advances in molecular cytogenetics, especially comparative genomic hybridization (CGH) analysis, 39 and their applications to the study of lung carcinomas are 
discussed. The karyotypic and molecular cytogenetic findings indicate that both SCLC and NSCLC are characterized by the accumulation of multiple genomic 
imbalances. The molecular implications of recurrent chromosomal changes found in lung tumors are discussed.

METHODOLOGY

Cell Culture Aspects

To ensure that any karyotypic alterations are representative of the in vivo situation, direct preparations of tumor specimens and short-term cultures are preferable to 
long-term cultures. In our experience, however, mitoses are generally very sparse in direct preparations, and most of our successful analyses are from tumor cells 
cultured for 1 day to several weeks. Because metastases are presumably representative of a more progressive form of the neoplasm, and because lengthy in vitro 
culture can lead to additional chromosomal abnormalities, 1 it is important to document aberrations in primary tumor specimens harvested after a short in vitro culture 
period.40

Solid lung tumor tissue obtained from resections can be disaggregated by mechanical means. 41 The specimen is placed in culture medium containing 10% fetal 
bovine serum (FBS) and minced using scalpels. Hard tissue that is refractory to mincing is incubated with gentle shaking for 3 to 5 hours in complete medium to which 
collagenase A (0.5 mg/ml) has been added. Cells are then washed in a balanced salt solution, and single cells and cell aggregates are plated directly into plastic 
tissue culture flasks containing medium plus 10% FBS. Individual cultures are harvested for karyotypic analysis after 1, 2, and 3 days in vitro by overnight exposure to 
10 ng/ml colcemid. The growth of several additional cultures of NSCLC cells is monitored daily with an inverted microscope; harvesting of metaphases is performed 
when adequate numbers of dividing cells are present, as indicated by a rounded morphology.

Methods for establishing SCLC cell lines are described in detail elsewhere. 42,43 and 44 For solid tumor specimens, single-cell suspensions are prepared from tumor 
tissues by mincing the specimen, passing it through a stainless-steel mesh, and gently pipeting the cells in the presence of culture medium. Bone marrow specimens 
are diluted to 10 mL with medium, and tumor cells are obtained by layering the specimen over Ficoll-Hypaque, followed by centrifugation at 500 xg for 20 minutes. 
Cells are cultured at a density of approximately 1 × 10 6 cells/ml in culture medium consisting of serum-free medium (HITES),42 HITES plus 5% FBS, or McCoy's 
modified 5A, 10% FBS, and 20% heat-inactivated human effusion fluid. 44 Once the cell lines are well established (i.e., in 3 to 6 months), they may be maintained in 
RPMI 1640 supplemented with 10% FBS. SCLC specimens and cell lines are harvested for cytogenetics as described previously.



Chromosome Banding and Karyotypic Analysis

Monolayers of NSCLC cells are removed from the culture surface by trypsinization prior to treatment with a hypotonic solution consisting of 0.075M KCl or a 4:1 
mixture of 0.075M KCl and 1% sodium citrate for 20 minutes at 37°C. The cells are then fixed in three changes of a 3:1 mixture of methanol-glacial acetic acid chilled 
to -20°C. Metaphase spreads are prepared by dropping two to three drops of the fixed cell suspension onto clean, wet slides. The slide preparations are dried briefly 
(~1 minute) over a steam bath and then placed in a dry oven at 55°C for 5 to 7 days. Chromosomes are treated with trypsin-EDTA (0.006%) and Wright stain to 
produce G-bands. For each specimen, we attempt to obtain chromosome counts on at least 20 metaphase spreads, five to ten of which are photographed and used to 
prepare karyotypes.

Chromosome identification and karyotypic designations are based on the consensus reached at several international meetings and as published in two authoritative 
documents.45,46 A tumor is considered to be karyotypically abnormal if a clone of aberrant cells is found. The observation of a minimum of two or more cells with the 
same extra chromosome or structural rearrangement or of three or more cells with the same missing chromosome is considered evidence for an abnormal clone.

Fluorescence In Situ Hybridization

Fluorescence in situ hybridization (FISH) permits investigators to rapidly map the chromosomal location of genes and is helpful in interpreting the centromeric origin 
and breakpoints of complicated structural abnormalities and in determining the identity of chromosomal material whose origin is uncertain by routine cytogenetic 
banding techniques. Interphase cytogenetics involves the use of nonisotopic DNA probes to examine interphase nuclei for chromosomal alterations. For example, 
FISH with satellite DNA probes to the centromere of specific chromosomes can be used to detect numeric abnormalities within interphase nuclei of human solid 
tumors. Using such a fluorescence-based detection system, hybridization of an alpha-satellite probe to a specific interphase chromosome appears as a brightly 
fluorescent spot. The number of spots corresponds to the centromeric copy number of a specific chromosome in a given cell nucleus.

For studies of interphase nuclei, we use cell suspensions of tumor specimens that have been disaggregated mechanically. The cell suspensions are processed 
directly, without culture, treated with 0.075 M KCl hypotonic solution for 20 minutes at 37°C, and then fixed in a 3:1 mixture of methanol:acetic acid. 
Chromosome-specific probes such as a-satellite centromere probes may be labeled with biotin or digoxigenin by nick translation. Hybridization of biotinylated probes 
may be detected with fluorescein isothiocyanate (FITC)-avidin. 47 Hybridization of digoxigenin-labeled probes may be detected with anti-digoxigenin-rhodamine. The 
probes can be hybridized individually to interphase nuclei, or they may be co-hybridized to the same slide preparation. For each specimen, several hundred nuclei are 
counted, and the number of bright fluorescent spots per nucleus is scored. For each probe, hybridization and counting are also carried out on a normal diploid control 
(e.g., normal lymphocytes or fibroblasts) to ensure the reliability of the probe and hybridization conditions.

Comparative Genomic Hybridization

Comparative genomic hybridization (CGH) analysis represents a valuable approach for overcoming the considerable technical difficulties encountered by 
cytogeneticists studying chromosome changes in lung cancers. This technique is a valuable molecular cytogenetic tool for identifying losses, gains, and amplification 
of chromosomal segments in solid tumors.39,48

In a CGH analysis, DNA from a tumor and from a normal reference tissue are labeled separately with different haptens, (e.g., biotin and digoxigenin). Identical 
amounts of both tumor DNA and reference DNA are hybridized simultaneously to normal metaphase chromosome spreads together with an excess of unlabeled Cot-1 
blocking DNA to prevent the ubiquitous hybridization of interspersed repetitive sequences contained in the tumor and reference DNA probes. Hybridization of the 
labeled DNA is detected by two different fluorophores (e.g., green-fluorescing FITC for the tumor DNA and red-fluorescing rhodamine for the reference DNA). The 
relative amounts of tumor and reference DNA bound to a given chromosomal region depend on the relative abundance of those sequences in the respective DNA 
samples; these amounts can be quantified by measuring the ratio of green to red fluorescence, using a digital image analysis system. Under- or overrepresentation of 
chromosomal sequences in the tumor genome is reflected by differences in the fluorescence intensity values of the respective fluorochromes.

We perform CGH analyses basically according to the method described by Kallioniemi and colleagues. 39 Genomic DNA from a normal male donor is labeled with 
digoxigenin-11 -dUTP by nick translation or by random priming; tumor DNA is labeled accordingly with biotin-11-dUTP. After preannealing the specimens to an excess 
of Cot-1 DNA, biotinylated total tumor DNA and digoxigenin-labeled normal genomic reference DNA are hybridized simultaneously to normal male metaphase spreads 
for 3 to 4 days at 37°C. The Cot-1 DNA inhibits binding of labeled DNA to the centromeric and heterochromatic regions; therefore these regions are excluded from the 
analysis.39 After posthybridization washing of the slides, biotinylated sequences are detected with FITC-avidin, and digoxigenin-labeled sequences are detected with 
anti-digoxigenin-rhodamine. Alternatively, tumor and normal DNAs can be directly labeled, using SpectrumGreen™-dUTP and TexasRed™-dUTP (Vysis). 
Chromosomes are counterstained with DAPI for chromosome identification. The FITC and rhodamine fluorescence specific for the tumor genome and reference 
genome, respectively, are quantified as gray level images by a cooled charge-coupled device camera interfaced to a computer workstation for image acquisition. A 
software program integrates the green and red fluorescence signals orthogonally to the chromosomal axis, subtracts local background fluorescence, and calculates 
the intensity profiles for each color and the ratio of the two colors along individual chromosomes to indicate gains or losses in tumor DNA. A software package is used 
to compute FITC-rhodamine ratio profiles along chromosomes, such that monosomy of a chromosome in a tumor would theoretically result in a ratio value of 0.5 and 
trisomy in a value of 1.5. The means of the individual ratio profiles from at least five metaphase spreads per tumor are calculated, and the average values are plotted 
as profiles alongside individual chromosome ideograms. The three vertical lines beside individual chromosome ideograms indicate different threshold values between 
tumor DNA and normal reference DNA. The line on the left corresponds to a threshold value of 0.75, which would exist if 50% of the cells from a near diploid tumor 
had monosomy of a given chromosome. The center line indicates a balanced state. The line on the right represents a threshold value of 1.25, which would occur if 
50% of the cell population exhibited trisomy for that chromosome. Overrepresentation defined by a sharp peak is considered indicative of DNA amplification.

Loss of Heterozygosity Analysis

Frequent loss of heterozygosity (LOH) involving a specific chromosomal region, in a given malignancy, is often used as an indicator of the presence of a TSG, whose 
loss/inactivation can contribute to tumorigenesis. Such analyses of allelic loss are performed using highly polymorphic microsatellite DNA markers. DNA from tumor 
and blood pairs are amplified using the polymerase chain reaction (PCR) technique with appropriate primer sets. We customarily body label the PCR product with 
[32P]-dCTP. The radiolabeled DNA is then size-fractionated by electrophoresis through a 6% denaturing polyacrylamide gel and subjected to autoradiography. 
Detailed examination of a series of lung tumors for LOH at various polymorphic loci distributed along a chromosome can reveal a common minimal region of deletion 
where a putative TSG potentially important in lung tumorigenesis may reside.

KARYOTYPIC CHANGES IN SMALL CELL LUNG CANCER

In SCLCs, karyotypic changes are usually quite extensive, even in newly diagnosed primary tumors. Our laboratory has performed karyotypic analyses of fresh 
specimens and early passage cell lines from 18 SCLC patients. 8,49 Many SCLCs have modal chromosome numbers in the triploid range (13 of 18 cases in our series). 
In many of these cases, most or all of the recurrent chromosome abnormalities described in the following sections occurred in combination ( Figure 28.1). The total 
number of these changes ranged from 11 to more than 60 per tumor.



FIGURE 28.1. Karyotype of a Giemsa (G)-banded metaphase spread from a small cell lung cancer (SCLC) cell line that displays multiple cytogenetic alterations, 
including each of the abnormalities commonly found in SCLC (i.e., losses of 3p, 5q, 13q, 17p) and the presence of double minutes (dmin). An unbalanced 
translocation exists between 3p and 17q, monosomy 5 and monosomy 13 (numerical losses), and 17q and 15p. Both copies of 17p appear to be lost as a result of the 
two unbalanced translocations involving the two chromosome 17 homologues. This karyotype also has several other clonal changes, including a structurally altered 
chromosome 2 (2q+), trisomy 7, and monosomies of chromosomes 10, 12, and 22. Unidentified marker chromosomes (mar) and dmin are shown at the bottom. Arrows 
indicate structurally rearranged chromosomes 2, 3, and 15. (From Testa JR, Graziano SL. Molecular implications of recurrent cytogenetic alterations in human small 
cell lung cancer. Cancer Detection Prevention 1993;17:267, with permission.)

Figure 28.2 depicts the breakpoint sites of clonal chromosome rearrangements seen in a total of 38 fresh SCLC specimens and early passage SCLC cell lines for 
which complete karyotypic details have been reported. 6,9 and 8,10,49 As shown in Figure 28.2, some chromosomes often participate in structural rearrangements in SCLC; 
prominent among these are chromosomes 1, 3, 5, and 17. Among the 18 SCLC specimens that we have examined, breakpoints clustered at 3p, 5q, 1p, and 17p. 
Recurrent losses from each of these arms have been observed.

FIGURE 28.2. Ideogram depicting breakpoints (§) of clonal chromosome rearrangements seen in 38 reported small cell lung cancers (SCLCs) (see text). Whenever a 
single case contained two or more rearrangements with breaks at identical bands, only one of these breakpoints is shown. (From Testa JR, Liu Z, Feder M. Advances 
in the analysis of chromosome alterations in human lung carcinoma. Cancer Genet Cytogenet 1997;95:20, with permission.)

Chromosome Losses

Loss of 3p

In 1982, Whang-Peng and colleagues reported a nonrandom chromosomal alteration, del(3p), in tumor cells from patients with SCLC. 9 They observed this 
abnormality in 20 of 20 SCLC cell lines and fresh tumor specimens derived from bone marrow. An interstitial deletion of 3p in SCLC was consistently identified in 
several other studies as well.6,8,11,43,44,50,51 and 52 However, in other reports only a minority of SCLC cell lines exhibited a 3p deletion. 10,12,24 DeFusco and colleagues 
examined fresh SCLC tumors grown in short-term culture and found alterations of 3p in only 5 of 11 cases. 7 However, LOH analysis of 3p markers confirms an almost 
universal loss of genetic material in this region. 53,54 and 55

Of the 18 SCLC tumors and cell lines that we analyzed, cytogenetic evidence for loss of 3p was found in 16 cases. 8,49 Among cases with structural changes affecting 
3p, three had terminal or interstitial deletions, seven had one or more unbalanced derivative chromosomes involving partial loss of 3p [i.e., der(3)], three had an 
i(3q)(q10), two had both a deletion and either a der(3) or an i(3q), and one near- tetraploid tumor had an i(3q), a der(3), and a numerical loss of 3. Another specimen 
had an unbalanced translocation derivative in which breakage occurred in the long arm of chromosome 3, resulting in loss of 3pter->q21. The deletions were large in 
15 of these 16 cases, with the shortest region of overlap (SRO) of losses being 3p21->25; the remaining case had a derivative with loss of 3p25->pter. Two tumors did 
not have a visible alteration affecting 3p; LOH analysis performed on one of these cases revealed that allelic losses had occurred at both DNA markers tested, one 
located at 3p21 and the other at 3p25. Only one of the 18 SCLC specimens did not have a visible structural alteration of chromosome 3. LOH analysis of this case 
revealed allelic losses at both the DNF15S2 (chromosome band 3p21) and RAF1 protooncogene (3p25) loci.8 Taken collectively, the cytogenetic and LOH findings 
indicate that all 18 of these SCLC cases had losses involving 3p.

At least some of the discrepancies among laboratories may be explained by differences in the interpretation of karyotypes. 44 Thus whereas interstitial or terminal 
deletions of 3p are not uniformly seen in SCLC, losses of 3p by other mechanisms such as unbalanced translocations or isochromosome formation have a 
comparable net result.56 In our series, only five cases had intrachromosomal deletions of 3p (accompanied by another altered chromosome 3 in two cases), and 
eleven others showed losses of 3p caused by other types of unbalanced rearrangements. The remaining case had allelic losses of 3p that were not evident from the 
karyotype. The SRO of 3p losses among these cases was found to be at 3p21-p25. In other reports, the SRO has been placed at 3p14-p23, 9 3p21-p22,55 or 
3p23-p24.57 Some of these interlaboratory differences can be attributed to difficulties in precisely assigning breakpoints in some cases, particularly when the quality of 
the chromosome preparation is suboptimal. In contrast to these reports, our interpretation of the minimal 3p deletion extends more distally to 3p25 and agrees with 
molecular analyses demonstrating consistent LOH at the RAF1 locus at band 3p25 in SCLC.44,58,59 In addition, other reports of LOH have demonstrated that almost all 
SCLC tumors exhibit allelic losses from the chromosomal region 3p14-p21, as well. 53,54 and 55 Virmani and colleagues identified three hot spots at 3p12, 3p14.2, and 
1p13 in SCLC.60 In many of their cases, most of the 3p arm was lost. Therefore, the deleted segment in SCLC usually is very large. This consistent allelic loss at 3p 
strongly supports the hypothesis that one or more TSGs important in the pathogenesis of SCLC reside within this chromosomal region. Several groups have searched 
for rare homozygous 3p deletions in lung cancers as an approach to locate such a gene(s). At least three distinct regions at homozygous losses have been identified. 
Rabbits and colleagues identified a homozygous deletion of 3p in the DNA of the SCLC cell line U2020; the deletion removed a chromosomal segment of 
approximately eight megabases within 3p12-p13.61,62,63,64,65,66 and 67 Overlapping homozygous deletions have been observed in three SCLC cell lines, which have 
narrowed the localization of one of these putative TSGs to <350 kb within 3p21.3. 64,65,66 and 67 The semaphorin A(V) gene, which encodes a nerve growth cone 
guidance signaling protein, resides within this region and was found to be expressed in only one of 23 SCLC cell lines. 65 In addition, mutations of this gene were 
identified in 3 of 40 lung cancer cell lines. The function of the semaphorin A(V) gene in nonneural tissues and its possible role in lung carcinogenesis remains to be 
determined. A third, more distal site of homozygous deletions has been observed in several SCLC and NSCLC cell lines as well as in two direct tumor specimens. 64

Besides these sites of homozygous losses, there has also been interest in several candidate TSGs located elsewhere in 3p. One prominent example is the FHIT 
gene, which encompasses the fragile site FRA3B, located at 3p14.2. Sozzi and colleagues reported abnormalities in RNA transcripts of FHIT in 80% of SCLCs and 
40% of NSCLCs68 (see also Chapter 8). In addition, 76% of their lung tumors exhibited loss of FHIT alleles, and Southern blot analysis revealed rearranged BamHI 
fragments in several cases. Deletion within intron 5 of the FHIT gene was found in 100% of the SCLC cases analyzed by Virani and colleagues. 60 The role of FHIT in 
lung carcinogenesis is currently the subject of intense investigation.

Loss of 5q

We previously reported that alterations of 5q are often involved in SCLC. 8 In addition, our review of karyotypic data presented in two earlier reports revealed losses of 
5q in approximately one-half of all SCLC specimens examined.7,10 Among the 18 SCLC cases that we have analyzed, 16 showed either a numerical loss of 
chromosome 5, an i(5p) resulting in loss of the entire long arm of chromosome 5, a der(5) resulting in loss of part of 5q, or an interstitial deletion of 5q. In 15 cases, 
the SRO of deleted segments was 5q13->21; the remaining case had a breakpoint in 5q13, with loss of 5pter->q13. Thus losses involving 5q13 were found in 12 
cases overall.



This recurrent loss of 5q13-q21 suggests that this region may contain a TSG contributing to the pathogenesis of SCLC. Several cell-regulatory genes are located at 
band 5q13, including the gene-encoding phosphatidylinositol-3 kinase-associated protein, p85a, which has been shown to modulate interactions between certain 
activated receptors and the phosphatidylinositol-3 kinase, 69,70 and the RASA locus, which encodes the GTPase-activating protein involved in signal transduction. In 
addition, the putative TSGs MCC and APC, which have been shown to be somatically altered in some colorectal tumors, are located at 5q21. 71 Allelic losses of MCC 
and APC occur in approximately 80% of SCLCs; however, no mutations or homozygous deletions of these genes have been documented in SCLC. 72

Loss of 13q

Loss of chromosome 13 has been described in some studies of SCLC.8,10 Numerical losses of chromosome 13 in the absence of structural change have been 
observed in 11 of the 18 SCLC cases we examined. Another three cases had structural alterations with breakpoints at 13q14, which is the site of the retinoblastoma 
susceptibility gene, RB1. Thus 14 of our 18 (78%) SCLC cases had changes that affect 13q14. Interestingly, a similar proportion (nearly 80%) of SCLC tumors exhibit 
absent or very low levels of expression of RBI,73 suggesting that in many SCLC cases, cytogenetic changes could unveil an inactivated RB1 gene on the remaining, 
karyotypically normal chromosome 13 homolog.

Loss of 17p

Morstyn and colleagues reported abnormalities of chromosome 17 in eight of ten SCLC cell lines they examined, 10 but the specific types of alterations and 
breakpoints were not described. In another report, rearrangements of chromosome 17 were described in four of eleven SCLC specimens, including three cases with 
breakpoints at 17p11-p13 resulting in losses of part of 17p. 7 Loss of part or all of 17p was observed in 14 of 18 specimens from my series. In four of these cases, the 
only alteration of chromosome 17 was a numerical loss. Another 10 specimens had structural alterations that were interpreted as unbalanced rearrangements that 
would result in loss of part or all of band 17p13; nine of these specimens had partial deletions or various derivative chromosomes with breakpoints in 17p or proximal 
17q, and one tumor had both a dicentric (15p;17p) and a der(17).

Yokota and colleagues reported LOH from 17p in five of five SCLC specimens they examined. 74 TP53 is located at band 17p13.1 and has been shown to be a 
common target for molecular alteration in lung cancer.75,76 The finding of common cytogenetic losses of 17p appears to be consistent with this molecular evidence 
because a mutated TP53 allele may exist on the remaining copy of 17p. Virani and colleagues noted allelic losses at the TP53 locus in all 11 informative SCLC cell 
lines they examined.60 Loss of the intron 1 and the telomeric region of the TP53 gene was documented in 86% of these cases.

Gene Amplification

Dmin and hsr have been reported in some SCLCs, particularly cell lines derived from these tumors. Such novel cytogenetic alterations were reported in 3 of 16 (19%) 
SCLC cell lines studied by Whang-Peng and colleagues 11 and in 5 of 18 (28%) cases examined by our research group. 8,49 The incidence of dmins may be much 
higher in SCLC specimens obtained late in the disease course. For example, Wurster-Hill et al. observed dmins or hsrs in 11 of 15 SCLC specimens from heavily 
pretreated patients with extensive distant metastases; 7 of the 15 samples were obtained at autopsy. 12

It is now well documented that dmin and hsr are associated with amplification of oncogenes and genes involved in drug resistance. 77,78 Southern blot analysis 
revealed amplification of specific oncogenes in each of our four cell lines displaying dmin. Two of these cases exhibited a 5- to 10-fold level of amplification of either 
MYC or MYCN oncogenes. In each of the latter two cell lines, dmin were observed in a minority of the cells examined cytogenetically. The level of amplification of 
MYC or MYCN was approximately 60-fold in the other two cell lines. In each of the latter cases, all of the metaphase spreads examined contained a large hsr or 
multiple dmin, including a few mitoses with more than 100 of these tiny bodies. FISH of a nonisotopically labeled MYCN probe to metaphase cells of the SCLC tumor 
having -60-fold amplification of this gene demonstrated that the amplified sequences reside within the dmin and hsr.

In SCLC cell lines, amplification of various members of the MYC family of oncogenes is relatively common.79,80 and 81 However, such amplification appears to be less 
common in primary tumors. In a study of primary SCLCs, amplification of MYC or MYCN was reported in only 5 of 45 (11%) SCLC specimens.82 In studies carried out 
in our laboratory, cytogenetic evidence for gene amplification was found in four of our eight established cell lines, but in only one of twelve fresh specimens. Among 
the four patients whose tumor cells contained dmin and hsr, three received prior cytotoxic therapy. Overall, such cytogenetic alterations were identified in four of six 
specimens from previously treated patients versus only one of twelve (8%) from untreated patients. Similarly, Brennan and colleagues detected amplification of one of 
the MYC family genes in 28% of tumor specimens from previously treated SCLC patients, compared to only 8% of specimens from untreated patients. 83 This finding 
and the relatively low incidence of MYC family gene amplification in primary tumors82 implies that such amplification is unlikely to represent an initial, 
transformation-related event in SCLC.

KARYOTYPIC CHANGES IN NON–SMALL CELL LUNG CANCER

In NSCLC, cytogenetic changes are often extensive, with many numerical and structural changes. We have carried out detailed cytogenetic analyses of primary 
tumors from 70 NSCLC patients.34 Only three of these tumors had fewer than 10 clonal chromosomal changes, and some tumors showed as many as 60 to 70 
different structural and numerical changes. The number of cytogenetic changes per tumor was similar among different histologic subgroups. Other large series have 
also demonstrated numerous chromosomal alterations in most primary NSCLC cases.15,16,31,35,36 and 37

In some karyotypic studies of NSCLC, only clones displaying a single numerical change (i.e., gain of chromosomes 7 or 12) were observed. 13,18,22 The significance of 
these findings is uncertain because cell populations carrying an extra chromosome 7 as the only karyotypic change have been described in cultures from several 
malignant disorders of the bladder, brain, colon, and kidney as well as in cultured cells from nonneoplastic tissue obtained from the lung, brain, kidney, and placenta 
and in patients with Dupuytren contracture or Peyronie disease. 84,85 In some series, approximately 10% of cultured cells from all nonneoplastic kidney samples 
examined displayed trisomy 7,84,85 and trisomy 7 and trisomy 10 have been shown to characterize subpopulations of tumor-infiltrating lymphocytes in kidney tumors 
and in the surrounding kidney tissue. 86 In ovarian cancer, trisomy 12 has been found to represent a recurrent chromosome aberration in benign ovarian tumors, 
particularly in fibromas, rather than in tumors of epithelial origin. 87 Thus in NSCLC it is presently unclear whether clones exhibiting simple karyotypes with gains of 
either chromosome 7 or chromosome 12 actually reflect changes in the malignant cell population. Johansson and colleagues reported pseudodiploid karyotypes with 
one or a few clonal structural rearrangements in two adenosquamous carcinomas, leading them to conclude that this relatively rare histologic subtype differs from 
other lung cancers by having simple pseudodiploid or near-diploid instead of massively aneuploid tumor cells. 22

Among our 70 NSCLC cases, the modal chromosome number was near-diploid in 18 cases (26%), near-triploid in 40 cases (57%), and near-tetraploid to 
near-hexaploid in 12 cases (17%). Near-triploidy was the most common ploidy in each of the histologic categories (45% of adenocarcinomas, 63% of squamous cell 
carcinomas, and 83% of other NSCLCs).

Overall, the available data indicate that karyotypes in NSCLC generally are very complicated, even in newly diagnosed primary tumors. We have focused 
investigations on samples obtained prior to initiating cytotoxic therapy. Thus the complicated cytogenetic pattern seen in these cases appears to be part of the natural 
course of NSCLC. Moreover, it is unlikely that this genomic complexity can be attributed to in vitro karyotypic evolution because most of our analyses were from 
relatively short-term cultures of tumor cells.

Numerical Changes

In NSCLC, all chromosomes contribute to numerical changes. In our series of 70 cases, losses of chromosomes 9 (47 cases, 67%) and 13 (45 cases, 64%) were the 
two most common numerical changes. Loss of the Y chromosome was observed in 29 of 49 (59%) tumors from male patients. Gain of chromosome 7 was also a 
common numerical change (28 of 70 cases, 40%). Other chromosomes commonly involved in numerical gains were numbers 5 and 12, each of which was identified in 
approximately 20% of the cases examined. Polysomy for all or part of chromosome 7 in NSCLC has been reported at varying frequencies by several investigators. 13,14 

and 15,19,25,33,35,36 and 37 Lee and colleagues proposed that trisomy 7 is a very early change in NSCLC that can be found in premalignant lung tissue in a subset of 
patients.13 Lukeis and colleagues reported loss of material from the short arm of chromosome 9 in nine of ten NSCLCs suggesting that this change is a potentially 
important event in lung carcinogenesis. 15 In other reports, common numerical losses of chromosome 9 have been described.14,38 Losses of chromosomes 13 and Y 



have also been observed in other studies of primary NSCLC. 14,15

Structural Abnormalities

Balanced translocations are rarely reported in NSCLCs, whereas losses resulting from missing chromosomes or unbalanced rearrangements (i.e., deletions and 
derivative chromosomes) are often observed. Figure 28.3 depicts 1,826 breakpoint sites of clonal chromosome rearrangements seen in short-term cultures from 185 
primary NSCLC specimens for which complete karyotypic details are available. Included in this summary are data from 70 specimens examined in our laboratory and 
115 cases reported by other investigators. 13,14 and 15,17,18,19,20,21,22 and 23,35,36 and 37 The most common sites of chromosomal breakage were at or near the heterochromatic 
centromere regions of chromosomes 1, 3, 5, 6, 7, 8, 9, 11, 13, 14, 15, and 17. Other regions of chromosomes 1, 3, 6, 7, 9p, 11, and 19 were also prone to 
rearrangement.

FIGURE 28.3. Ideogram showing breakpoints of clonal chromosome rearrangements seen in short-term cultures of primary tumor specimens from 185 non–small cell 
lung cancers (NSCLCs). Each closed box (§) represents breakpoints in two different cases; each open box ( ¨) indicates a breakpoint from a single case. Whenever a 
single case had two or more rearrangements with breaks at the same band, only one of these breakpoints is depicted. (From Testa JR, Liu Z, Feder M. Advances in 
the analysis of chromosome alterations in human lung carcinoma. Cancer Genet Cytogenet 1997;95:20, with permission.)

The chromosome arm most often contributing to losses was 9p (59 of 70 tumors, 84%). Other chromosome arms lost in at least 60% of cases included 3p, 6q, 8p, 9q, 
13q, 17p, 18q, 19p, 21q, 22q, and the short arms of each of the acrocentric chromosomes. The chromosome arms most often involved in gains were 7p and 7q. 
Among the entire 70 tumors, gains of part or all of 7p and 7q were observed in 61% and 60% of cases, respectively. Extra copies of chromosome arms 1p, 1q, 3q, 5p, 
11q, and 12q were also common.

We evaluated the relationship between clonal chromosome alterations and various clinical parameters in 70 NSCLC patients for whom detailed karyotypic 
assessment was possible.88 Clinical features investigated were diagnosis, tumor stage and grade, gender, smoking history measured in pack-years, and survival. 
Certain chromosome abnormalities were significantly associated with histologic subtype, tumor grade, stage, and prognosis. Rearrangements involving chromosome 
arms 2p and 3q were more common in squamous cell carcinoma than in adenocarcinoma. Loss of 3p was observed more often in squamous cell carcinomas. Gain of 
7p was more common in adenocarcinomas. Rearrangement of 17p was associated with a lower tumor grade. Rearrangement of Xp and loss of chromosome 12 or 22 
were each associated with higher tumor stage. Rearrangement of 3p or 6q was correlated with a better survival outlook. In contrast, loss of chromosomes 4 or 22 
portended a poor prognosis. An increased number of marker chromosomes was observed in patients having a higher number of pack-years. Overall, our data indicate 
that chromosome abnormalities can have clinical and pathologic significance in NSCLC.

Chromosome Losses

Loss of 3p

Loss of all or part of the short arm of 3 was identified in approximately 75% of the NSCLC cases that we examined. LOH from 3p has been reported in 25% to 100% of 
NSCLC cases in different reports. 54,55,74,89,90 and 91 The SRO of chromosome losses appears to be at 3p21.34 Allelic loss at 3p21 has been reported in all major types of 
lung cancer.54,55 However, LOH from 3p can occur at a significantly higher frequency in squamous cell carcinomas than in adenocarcinomas. 92 Although deletion of 
3p14-p23 was initially reported as a specific chromosome aberration in SCLC, 8 subsequent studies have revealed frequent deletions of 3p in several other 
malignancies, including renal cell carcinoma, mesothelioma, ovarian cancer, and breast cancer. 3 Thus loss of 3p may represent an important generalized tumorigenic 
event common to various solid tumors, including NSCLC.

Loss of 9p

As noted earlier, 9p was the most common lost chromosome segment in our NSCLC series, and deletion of 9p has been proposed as a critical change in this 
neoplasm.15 Only a minority of our cases had either an interstitial deletion or terminal deletion of 9p, but many other tumors had either an apparently unbalanced 
rearrangement (i.e., various derivatives) affecting 9p or had less than the expected number of copies of chromosome 9 (e.g., only two copies of chromosome 9 in a 
triploid tumor). Homozygous losses of DNA sequences from 9p21-p22 have been reported in some NSCLCs, suggesting that loss or inactivation of a TSG(s) located 
within this region may contribute to the pathogenesis of some of these tumors. 93 The TSG p16/CDKN2A is located at 9p21, and homozygous deletions or mutations of 
this gene occur in many NSCLC cell lines and in 20% to 30% of tumor specimens from NSCLC patients. 94,95

Loss of 17p

Rearrangement of 17p is a very common finding in NSCLC. In fact, 17p11 represents the most common chromosomal breakpoint site in karyotypic studies of NSCLC 
(Figure 28.3). The structural changes of 17p include partial deletions and various derivative chromosomes. DNA analyses have demonstrated that loss of alleles from 
17p is a common occurrence in NSCLC.89 Our data suggest that visible cytogenetic changes may be the cause of the allelic loss detected by molecular methods, at 
least in some cases. As in SCLC, the cytogenetic and molecular evidence suggests that loss of 17p containing a normal TP53 allele could unmask a remaining, 
mutant allele on the other remaining, cytogenetically normal homolog.

Other Abnormalities

Isochromosomes

Although no nonrandom balanced reciprocal translocations have been reported in NSCLC, several recurrent isochromosomes have been found. In our studies, the 
most common isochromosome was an i(5p), which was observed in nine tumors, eight of which had adenomatous features. An i(8q) was identified in six of our NSCLC 
cases, including five adenocarcinomas and one large cell lung carcinoma. Several other groups have also reported isochromosomes of 5p and 8q in 
NSCLC.14,15,19,27,28,30,31 Other isochromosomes seen in our series of NSCLCs include i(1q), i(3q), i(6p), i(7p), i(13q), and i(14q), each seen in several cases.

An association between i(8q) and adenocarcinoma of the lung has been reported by several investigators. 19,96 Even though i(8q) and i(5p) appear to be recurrent 
changes in adenocarcinoma of the lung, they are not specific for this tumor. An i(8q) has been reported in various types of leukemia and in several different solid 
tumors; likewise, i(5p) has been observed in several different solid malignancies and appears to be particularly common in tumors of the uterus and bladder. 3 Among 
the SCLC cases studied by our laboratory, one case had an i(5p) and another had an i(8q). 8 It has been suggested that i(8q) could represent a primary change in 
NSCLC.19 However, in a NSCLC cell line that we studied, the only abnormality of chromosome 8 found at passage 9 was trisomy 8, whereas at a later passage, a 
minority of cells contained two normal homologs and an i(8q). 16 In addition, i(8q) was found in only a single cell or in a minority of karyotyped cells in another two 



cases. Taken collectively, these findings suggest that i(8q) may be a secondary event in NSCLC.

Gene Amplification

Variable numbers of dmins were seen in 7 of our 70 (10%) specimens. Two cases had an hsr, including one of the seven cases that had dmins. Tumor material was 
available for Southern blot analysis in five of our eight NSCLC cases that exhibited dmins, hsrs, or both. The DNA studies revealed amplification of MYC in two cases 
and EGFR in one case. Eight different oncogene probes were tested in the other two cases, but an amplified sequence was not identified. In two other series of 
NSCLC specimens examined by Southern blot analysis, amplification of the MYC oncogene was documented in 3 of 36 (8%) and 4 of 25 (16%) cases.97,98 
Amplification of KRAS2 has also been reported in a case of NSCLC having dmins. 99

Metastatic Tumors

Two series focused on karyotypic changes in metastatic tumors from NSCLC patients.31,33 In one study of NSCLC cell lines mostly derived from metastatic lesions, 
statistical analysis revealed that structural alterations were nonrandomly distributed among the chromosomes. 31 A statistically significant number of clonal breakpoints 
were observed at chromosome regions 1q1, 1q3, 3p1, 3p2, 3q1, 3q2, 7q1, 13p1, 14p1, 15p1, and 17q1. Most of these regions undergo frequent rearrangement in 
primary tumors as well, although breakage at 1q3 does not appear to be a prominent change in primary tumors ( Figure 28.3). Furthermore, breakage at 5cen, 
6p1->6q1, 8cen->8p1, 9p2, 11p1->11q1, 17p1, and 19p1 appeared to be much less common in these metastatic tumors than in primary tumors. Whether these 
discrepancies are caused by karyotypic evolution during tumor progression, evolution occurring during prolonged growth in vitro, or difference in cytogenetic 
interpretation is uncertain at this time.

In the second report, pleural effusions containing metastatic or invasive tumor cells were examined. 33 Recurrent breakpoint regions included 1p1, 3p10-p21, 
3q11-q25, 6p11-p25, 6q13-q23, 7q11-q36, 9q32-q34, 11p1, 11q13-q24, 13p, 14p, 15p, 17p, and 19p. Most of these regions are also often involved in primary tumors, 
although breakage at 3q11-q25 and 6p11-p25 has not been reported to be nonrandomly involved in primary tumors. A lower frequency of 9p loss was observed in 
pleural effusions than in primary tumors, whereas breakpoints at 9q32-q34 were found almost exclusively in effusions and, therefore, could represent a change 
associated with tumor progression.33 Four other metastatic tumors from NSCLC patients have been reported to have a breakpoint at this region. 30,31 Lukeis and 
colleagues also observed that loss of chromosome 8 or 8p, loss of Y, and rearrangement of 5q are less common in effusions than in primary tumors, whereas extra or 
rearranged chromosome 7, extra chromosome 20, loss of chromosome 22, and dmin occur at a higher frequency in effusions than in primary tumors. 15,33

MOLECULAR CYTOGENETICS

Fluorescence In Situ Hybridization Analysis

Although technical advances in cell culture and cytogenetics have improved the overall success rate and quality of chromosome studies in lung cancer, it has not 
been possible to examine karyotypes of the malignant cells in every specimen. In many cases, the mitotic rate of the tumor cells is very low, and analyzable abnormal 
metaphase spreads are not found. Karyotypic analysis is time consuming, and it is not feasible to routinely cut out karyotypes of large numbers of metaphase spreads. 
Furthermore, in vitro culturing of tumor cells may result in selective growth of cells that may not represent the whole tumor cell population. FISH can overcome many 
of these problems. This procedure permits investigators to directly examine interphase cells from tissue sections or cell suspensions of tumor specimens. Because of 
the relative ease of analyzing FISH preparations, it is possible to rapidly count the number of target sites in a large number of tumor cells. In addition to enhancing 
karyologic investigations of tumor specimens, such interphase cytogenetics techniques may represent a useful approach to assess “noninvolved” bronchial tissues 
and premalignant lesions for the presence of cells with early (primary) chromosome changes. Example of FISH analyses are seen in Figure 28.4, Figure 28.5, Figure 
28.6.

FIGURE 28.4. Fluorescence in situ hybridization of two chromosome-specific centromere repeat probes to interphase cell nuclei, counterstained blue with 
diamidino-2-phenylindole, from a human non-small cell lung cancer specimen. DNA probes labeled with biotin or digoxigenin hybridizing to complementary 
centromere sequences within the nuclei were detected by immunofluorescence using fluorophores emitting green (fluorescein isothiocyanate) or red (rhodamine). The 
nuclei exhibit abnormally high numbers of chromosome 7 (red spots) and chromosome 18 (green) fluorescent signals, indicative of gains of these chromosomes. (See 
Color Figure 28.4.)

FIGURE 28.5. A: Computer-generated fluorescence ratio image of a normal human metaphase spread after comparative genome hybridization with biotin-labeled 
DNA, detected by fluorescein isothiocyanate (FITC), from a lung cancer cell line, and digoxigenin-labeled DNA, detected by rhodamine, from normal placenta. 
Yellow-green indicates balance between the FITC and rhodamine values. Bright green indicates overrepresentation of DNA in the tumor, and red represents 
underrepresentation of tumor DNA. Intense green fluorescence on chromosome 8q24 (arrows) suggests that the MYC protooncogene located in this band may be 
amplified in the lung cancer cells. B: The same metaphase spread, stained with diamidino-2-phenylindole, which permits the identification of each chromosome. The 
two copies of chromosome 8 are indicated by numbers. (See Color Figure 28.5.)



FIGURE 28.6. Fluorescence in situ hybridization of a MYCN probe to a partial metaphase spread from the small cell lung cancer cell line. Multiple fluorescent signals 
are observed on each of the double minutes, indicating that the amplified MYCN oncogene resides within these small chromatin bodies. (See Color Figure 28.6.)

To determine the feasibility of FISH for the analysis of genetic changes in lung cancer, we used a panel of centromeric DNA probes specific for the autosomes 6, 7, 8, 
9, 12, 17, and 18 to analyze 17 primary NSCLCs. 100 Evidence for aneuploidy was obtained in all specimens. Gain of part or all of chromosome 7 was especially 
prominent, occurring in a large population of cells in each of 14 tumors (82%). Extra centromeric copies of chromosomes 6, 12, and 17 were also common, being 
observed in nine to eleven cases each. Gain of chromosome 9 was infrequent three tumors). In two cases, most of the nuclei had only a single chromosome 9 
fluorescent signal. Karyotypic findings were available for six cases and were generally consistent with the FISH data. Both methods revealed considerable 
heterogeneity within individual tumors. NSCLC specimens from 26 males were assayed with a Y-specific centromeric sequence; loss of the Y was observed in 13 
cases (50%). These investigations demonstrate the feasibility of interphase FISH for the successful analysis of numerical chromosome changes in NSCLCs.

Comparative Genomic Hybridization Analysis

Reid and colleagues performed a CGH analysis of 13 primary SCLC specimens. 101 They demonstrated frequent chromosome losses expected in this tumor type (i.e., 
3p-, 13q-, and 17p-), as well as several recurrent abnormalities that had not been recognized in previous karyotypic studies of SCLC: 4q-, 10q-, and amplification of 
19q13. In another CGH analysis of 18 SCLC cell lines, Levin and colleagues observed recurrent decreases in the copy number of 3p, 13q, and 17p. 102 These 
investigators also identified overrepresentation of the chromosomal sites 1p22->32, 2p24->25, and 8q24, sites of the genes MYCL, MYCN, and MYC, respectively, 
which are often amplified in SCLC cell lines. Novel copy number increases were detected at 5p, 1q24, and Xq26, and decreases involved 22q12.1->13.1, 10q26, and 
16p11.2. Some of the DNA copy number changes, including gains of 1p22->32, 2p24->25, and 3q22->25 and loss of 18p, were found to occur preferentially in 
“variant” SCLC lines, suggesting that genes may reside at these sites whose overexpression or inactivation contributes to the radiation-resistant phenotype or 
aggressive growth properties characteristic of this SCLC subtype. An example of amplification of 2p24-p25 in an SCLC cell line with 60-fold amplification of MYCN is 
shown in Figure 28.7. Levin and colleagues also used CGH to identify DNA copy number changes in seven primary tumors and three metastases from eight SCLC 
patients.103 Frequent overrepresentation of chromosome arms 5p, 8q, 3q, and Xq, and underrepresentation of chromosome arms 3p, 17p, 5q, 8p, 10q, 13q, and 4p 
were identified, confirming the existence of many of the chromosome changes previously identified by conventional karyotypic analysis of SCLC lines. Each of the 
reports of CGH analyses of SCLCs has identified a recurrent region of chromosomal loss at 10q24->26, suggesting that a putative TSG important in the pathogenesis 
of SCLC may reside at this location.

FIGURE 28.7. Comparative genomic hybridization (CGH) analysis of chromosome 2 from a small cell lung cancer (SCLC) cell line displaying amplification of 
2p23.3-p24, encompassing the site of the MYCN locus at 2p24. Most of the remainder of chromosome 2 is overrepresented, whereas the distal portion of the long arm 
of 2q is underrepresented. Southern blot analysis demonstrated that MYCN is amplified approximately 60-fold in this cell line (not shown). CGH ratio profile 
represents the average fluorescence ratios calculated for chromosome 2 from a total of five metaphase spreads. Note that the three vertical lines beside individual 
chromosome ideograms indicate different threshold values between tumor DNA and normal reference DNA. The line on the left represents the threshold value 
corresponding to a chromosomal loss. The center line indicates a balanced state. The line on the right represents the threshold value corresponding to a 
chromosomal gain. Overrepresentation defined by a sharp peak is considered indicative of DNA amplification. (From Testa JR, Liu Z, Feder M. Advances in the 
analysis of chromosome alterations in human lung carcinoma. Cancer Genet Cytogenet 1997;95:20, with permission.)

Recently, a putative TSG PTEN/MMAC1 was identified at 10q23.3 and found to be deleted or mutated in a wide variety of human malignancies such as glioma, 
melanoma meningioma, glioblastoma, and carcinomas of the prostate, breast, and kidney. Yokomizo and colleagues found alterations in PTEN/MMCA1, gene in 18% 
of SCLC cell lines and in 10% of primary SCLC samples. 104 These abnormalities included point mutations, small fragment deletions, and large homozygous deletions. 
None of the 23 NSCLC specimens and cell lines tested displayed alterations of PTEN/MMCA1, suggesting that the inactivation of this gene contributes to the 
pathogenesis of SCLC but not NSCLC.

We performed CGH analysis on 20 NSCLC biopsies and cell lines to identify recurrent chromosomal imbalances in this malignancy. 105 The chromosome arms most 
often overrepresented were 3q (85%), 5p (70%), 7p (65%), and 8q (65%), which were observed at high copy numbers in many cases. Other common overrepresented 
sites were 1q, 2p, and 20p. DNA sequence amplification was often observed, with the most common site being 3q26 (six cases). Other recurrent sites of amplification 
included 8q24, 3q13, 3q28-qter, 7q11.2, 8p11-12, 12p12, and 19q13.1-13.2. The most common underrepresented segment was 3p21 (50%); other recurrent sites of 
autosomal loss included 8p21-pter, 15q11.2-13, 5q11.2-15, 9p, 13q12-14, 17p, and 18q21-qter ( Figure 28.8). These regions of copy number decreases are also 
common sites of allelic loss, further implicating these sites as locations of TSGs. Although some of the overrepresented segments harbor known or suspected 
oncogenes/growth-regulatory genes, we have identified 3q and 5p as new sites that are often overrepresented in NSCLC. Many of the common genomic imbalances 
occurred in combination in a given tumor (Figure 28.9).



FIGURE 28.8. Summary of comparative genomic hybridization (CGH) imbalances detected in 20 non–small cell lung cancer (NSCLC) tumor specimens and early 
passage cell lines. Vertical lines on the left of each chromosome ideogram represent loss of genetic material in a given tumor, whereas those on the right correspond 
to gains. For each chromosome, smaller copy number aberrations (CNAs) are placed farthest from the ideogram for ease of identification of minimal regions of 
overlap (e.g., overrepresentation at 1q25–31, 2p16–21, 3q26–qter, 8q24, and 12p11.2–12). (From Balsara B, Sonoda G, du Manoir S, et al. Comparative genomic 
analysis detects frequent, often high-level overrepresentation of DNA sequences at 3q, 5p, 7p, and 8q in human non-small cell lung carcinoma. Cancer Res 
1997;57:2116, with permission.)

FIGURE 28.9. CGH fluorescence ratio profile of a non–small cell lung cancer (NSCLC) cell line showing the recurrent alterations observed in NSCLC. 
Overrepresentation of part or all of chromosome arms 1q, 2p, 2q, 3q, 4q, 5p, 7p, 8q, 12p, and amplification of 3q13, 3q26–27, 8p11.2, 8q24, 9q33, 12q14–15, and 
underrepresentation of part or all of 8p, 9p. The profile represents the average fluorescence ratios calculated for each chromosome from a total of 10 metaphase 
spreads.

Petersen and colleagues carried out CGH analyses on 50 NSCLCs (25 adenocarcinomas and 25 squamous cell carcinomas). 106 The chromosome arms most often 
underrepresented were 1p, 3p, 4q, 5q, 6q, 8p, 9p, 13q, 18q, and 21q. The chromosomal sites most often overrepresented were 5p, 8q, 11q13, 16p, 17q, and 19q. 
Adenocarcinomas showed more common gains of chromosome 1q and losses of chromosomes 3q, 9q, 10p, and 19, whereas squamous cell carcinomas were 
characterized by an increased incidence of gains of chromosome arms 3q and 12p as well as losses of chromosome arm 2q. These investigators also reported a 
correlation between 20q13 gain and invasiveness in adenocarcinomas.

Gains of 1q, 3q, 5p, and 8q and loss of 3p were each observed in at least 50% of cases in each of these two CGH studies. Overrepresentation of 3q26 was the most 
prominent change observed, which appears to be particularly common in squamous cell carcinomas. Amplification of 3q26 was identified in three of nine squamous 
cell carcinomas of the lung analyzed by reverse chromosome painting. 107 Moreover, increased copy number at 3q26-27 has also been reported as a recurrent change 
in various other tumors including SCLCs, 101 ovarian cancers,108 and advanced cervical carcinomas.109 A candidate gene located at 3q26.3, whose product may 
contribute to the control of cell proliferation and malignant transformation, is PIK3CA. PIK3CA encodes the catalytic subunit of phosphatidylinositol-3 kinase, a critical 
component of several cell signaling pathways including those of epidermal growth factor and platelet-derived growth factor. SKP2, a potentially relevant gene located 
in 5p, encodes a protein associated with the CDK2–cyclin A complex. This protein has been found to be essential for S-phase entry.

CONCLUSIONS

Classic and molecular cytogenetic analysis has demonstrated that numerous somatic genetic events are involved in the pathogenesis of lung carcinomas. The 
karyotypes of these neoplasms often have extensive changes, even in newly diagnosed primary tumors, but the pattern and biologic implications of recurrent 
chromosome alterations are beginning to emerge. Chromosomal losses are often observed, and some of these changes (e.g., deletions of 3p, 5q, 10q, and 17p in 
SCLC; deletions of 3p, 9p, and 17p in NSCLC) occur at the location of known or suspected TSGs, whose loss and/or inactivation may play a fundamental role in lung 
tumorigenesis. Other alterations (e.g., dmins, hsrs) represent cytogenetic manifestations of oncogene amplification, and the net effect of such changes may be an 
increase in a gene product that provides an added proliferative advantage. Other chromosomal imbalances, (e.g., gains of 1q, 3q, 5p, 7, and 8q in NSCLC) could 
have a similar effect. The complex pattern of cytogenetic changes often seen in newly diagnosed lung carcinomas emphasizes the need for future investigations of 
“normal” bronchus or premalignant lesions in order to identify primary genetic changes important for early detection and intervention in this aggressive neoplasm.

In future cytogenetic investigations, it will be important to determine whether such genomic imbalances are correlated with clinical parameters such as metastatic 
behavior and prognosis. Furthermore, as the understanding of chromosome alterations in lung cancer increases, it should be possible to establish a useful panel of 
nonisotopic DNA probes to facilitate the rapid diagnostic assessment of lung tumor specimens. Germane to this achievement, considerable recent excitement has 
been generated regarding emerging microarray technologies. 110,111 and 112 It will now be possible to develop gridded arrays of relevant genomic fragments to quickly 
assess individual tumors for mutations or DNA copy at precise chromosomal locations. Similarly, arrays of cDNAs will facilitate comparisons of gene expression 
profiles of malignant versus normal lung tissues.
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Lung cancer is a common disease, both in the United States and in those countries throughout the world in which cigarette smoking is prevalent. Although the 
incidence of the disease is about equal to that of breast cancer and prostate cancer, the lethality of lung cancer distinguishes it. Lung cancer is by far the most 
common cause of cancer death in the United States, representing the leading cause of cancer death in both men and women. In the United States approximately 
171,000 new cases of lung cancer will be diagnosed in 1999, and nearly 160,000 will die of the disease. 1 An estimated more than one million people developed lung 
cancer in 1990, the most recent year for which worldwide statistics are available. 2 Given the trends in tobacco use, more than one million people will certainly die of 
lung cancer throughout the world during 1999.

Although lung cancer remains predominantly a disease of men in Europe, in the United States the number of women contracting lung cancer has risen dramatically 
over the past two decades. At present, the ratio of men to women with the disease is approximately three to two.

Because lung cancer is a common disease, all clinicians need to be familiar with its manifestations. Moreover, because so many patients are stricken with the 
disease, clinicians must be aware that a significant minority will present with unusual manifestations. The presentation of the lung cancer patient ranges from the 
asymptomatic and mundane to the difficult diagnostic dilemma.

MANIFESTATIONS OF LOCAL DISEASE

Asymptomatic

In its early stages, lung cancer is asymptomatic. The lung parenchyma is not generously supplied with pain fibers, and primary lung cancers can reach considerable 
size without causing any symptoms. This lack of symptoms is particularly true for more peripheral lesions. Less than 5% of lung cancers are discovered in patients 
who have no symptoms of the disease.3 These lesions are often discovered during the investigation of an unrelated complaint, or on a chest radiograph done as part 
of a preoperative evaluation or as part of an extended physical examination. 4,5

Methods to identify a greater proportion of lung cancer patients while still asymptomatic have been the focus of much effort. Screening of the entire adult population is 
not practical, and previous efforts were unable to demonstrate an increase in survival. 6 Attempts had been made to use high-resolution fast CT for screening 7 as well 
as autofluorescence endoscopy (see also Chapter 22, Chapter 24).

Cough

Cough is the most common symptom reported at presentation by patients with lung cancer. Cough is present at diagnosis in 50% or more of patients, and eventually 
develops in nearly all patients who are not successfully cured by surgery. 8 Because the majority of lung cancer patients are smokers, the cough may initially be no 
more than an insidious change from baseline. In most cases, however, worsening of cough leads patients to seek medical attention for presumed bronchitis or 
pneumonia. The typical patient receives one, two, or occasionally more courses of outpatient oral antibiotics before a chest x-ray is performed, revealing the true 
nature of the underlying pathology. Unfortunately, even after the clear demonstration of a mass lesion, some patients continue to receive antibiotic therapy, perhaps 
as an exercise in wishful thinking.

The development of a new or worsening cough in a patient with a significant (i.e., greater than 40 pack-years) smoking history should prompt the performance of a 
chest radiograph to assess for underlying lung cancer. This evaluation is particularly true if the cough is not associated with fever and coryza or other signs of upper 
respiratory infection (URI), or if the symptoms continue beyond the 5 to 7 days that a viral URI would be likely to persist. The patient who exhibits high fever, chills, 
and pleuritic chest pain in addition to cough warrants a chest x-ray for the evaluation of pneumonia, independent of other factors.

Hemoptysis

Hemoptysis varies greatly in severity, ranging from a few streaks to massive exsanguination. The typical presentation is that of blood-streaked or blood-tinged 
sputum. Because this symptom is far more likely to be caused by bronchitis than by cancer, patients with this symptom are typically managed with oral antibiotics 
initially. The index of suspicion is raised when the patient has a significant smoking history or when the problem persists or recurs despite conservative therapy. If a 



chest radiograph does not reveal an obvious cause, these patients with persistent hemoptysis should undergo fiberoptic bronchoscopy. 9

TABLE 29.1. PRINCIPAL SYMPTOMS OF LOCAL DISEASE3,4,5,6

The management of hemoptysis caused by lung cancer depends on the severity. Blood-streaked sputum is common and requires no specific therapy beyond 
reassurance. More serious hemoptysis, manifest as frank blood, often produced in the range of 5 to 10 mL per hour, requires more aggressive intervention. Cough 
suppression with narcotics is essential; acetaminophen with codeine (e.g., Tylenol #4) is a good choice because this drug is often easier for the patient to obtain than 
codeine alone. The patient should be instructed to keep the good (unaffected) side of the lung up when lying down. Fiberoptic bronchoscopy is sometimes necessary 
to localize the source of the bleeding. In patients with unresectable or metastatic disease, radiotherapy is the preferred treatment for moderately severe hemoptysis. 
This treatment is effective and generally well tolerated. 10

The patient who develops hemoptysis after previous radiotherapy presents a greater challenge. In certain instances, an emergent thoracotomy with resection of the 
affected area may be the best therapy. More commonly, however, the technical difficulty of this intervention or the general condition of the patient dictates a different 
approach. In a clinical setting where skilled interventional radiologists are available, selective embolization of bronchial arteries feeding the area of hemorrhage can 
be very effective.11,12

Massive hemoptysis, such as occurs with tumor erosion into the main pulmonary arteries, is usually immediately fatal. If the patient survives the initial episode, 
intubation is required to protect the central airways and to allow effective suctioning because hypoxia caused by filling of alveoli with blood leads to rapid respiratory 
failure. The choices for management of the hemorrhage are as noted previously.

Management of hemoptysis requires experience and sound clinical judgement. Many patients with this problem have a limited life expectancy, and the interventions 
chosen must be consistent with realistic goals for the patient.

Chest Pain

Chest pain is a common symptom in early-stage lung cancer, and it is often present without frank evidence of invasion of the pleura, chest wall, or mediastinum. 
Because the lung parenchyma is not well supplied with pain fibers, the origin of this type of pain is not clear. This pain is not a poor prognostic sign and it typically 
responds well to management of the underlying tumor. Analgesics should be employed pending more definitive therapy; similar to management of any pain, the 
simplest treatment that is effective should be employed, but this should not preclude the use of narcotics if they are necessary to control the pain in an individual case.

It is not unusual for a patient with this type of pain to undergo an evaluation for angina, including coronary catheterization. Given the prevalence of coronary artery 
disease, especially among smokers, it is not surprising that such patients have been discovered to have lung cancer from chest radiographs performed pre- or 
postoperatively for coronary artery bypass grafting. Often, however, catheterization is negative or shows only minimal disease, prompting further investigation, which 
eventually uncovers the underlying lung malignancy.

Dyspnea

Dyspnea in lung cancer can result from a variety of causes and is often multifactorial. Many patients with lung cancer have some degree of underlying chronic lung 
disease, and the development of cancer may cause worsening of baseline dyspnea because of further loss of effective lung parenchyma. Obstructive airway disease 
is an independent risk factor for the development of lung cancer and is the most common concomitant lung disease in pulmonary malignancy. 13 The development of 
significant atelectasis, especially of an entire lobe, may result in dyspnea; this problem is also worse in patients with underlying lung disease. The differential 
diagnosis of dyspnea is wide and includes cardiac and pericardial disease in addition to pulmonary complications. Several complications of locally advanced disease 
can result in dyspnea (see Table 29.2).

TABLE 29.2. CAUSES OF DYSPNEA

Management of dyspnea involves identification and treatment of any underlying bronchospasm and elimination, if possible, of the causative lesion. Specific 
intervention depends on the cause. Hypoxia can be treated with oxygen. In patients with dyspnea caused by uncorrectable underlying problems, such as pulmonary 
entrapment by diffuse pleural disease, or progressive parenchymal involvement by advancing tumor, small doses of morphine are most effective, with the dose titrated 
to the desired effect. In the patient who is near death, sedatives may be useful as well. Dyspnea is a symptom that is extremely distressing to patient and family alike; 
it is incumbent upon the physician to eliminate this unpleasant situation to the maximum extent possible. Unfortunately, many patients are inadequately treated for this 
problem.

Wheezing

Localized wheezing may be the presenting symptom in patients with disease in the major airways, particularly in the mainstem bronchi. This symptom should be 
distinguished from the generalized wheezing of bronchospasm; this type of wheezing is often localized, and the patient is often able to tell from which side it is 
emanating. This type of lesion is almost always associated with a debilitating cough.

Lesions that are primarily endobronchial but that are too proximal for resection often require special management techniques. The armamentarium of the radiation 
oncologist, thoracic surgeon, and pulmonologist has been expanded in recent years by the addition of new or improved treatments. High dose-rate brachytherapy can 



be extremely effective in palliating central endobronchial lesions, either alone or in combination with external beam radiation (see also Chapter 49). Photodynamic 
therapy techniques have improved recently with the development of better photosensitizing agents and can be effectively employed in this setting (see also Chapter 
24).14 In skilled hands, laser therapy can also be useful for this problem, particularly when previous therapies have failed. 15

Weight Loss

Weight loss is a common symptom of lung cancer at presentation, but it is not necessarily a sign of advanced disease. Among those with squamous cell carcinoma, 
approximately one-third of early-stage patients report weight loss of 10 pounds or more. Cachexia may develop in patients at all stages of disease when the tumor is 
actively synthesizing hormonally active compounds, such as tumor necrosis factor (see following section, Paraneoplastic Syndromes).

MANIFESTATIONS OF LOCALLY ADVANCED DISEASE

Hoarseness

Hoarseness in association with lung cancer is almost always caused by involvement of the left recurrent laryngeal nerve. Because of a quirk of embryogenesis, the 
left recurrent laryngeal nerve passes under the arch of the aorta; in this location, it is susceptible to damage from advanced primary tumors and from 
lymphadenopathy in the aorto-pulmonary window. New-onset hoarseness caused by left vocal cord paralysis is always indicative of surgically unresectable disease.

Some patients with left vocal cord paralysis develop significant problems of aspiration. This symptom can become a vexing clinical problem; occasionally, patients 
require a feeding tube to prevent recurrent bouts of pneumonitis. Teflon injection of the affected cord may be beneficial in some patients. 16

Hoarseness occasionally improves with treatment of the causative malignancy, but more often it persists because of either inadequate control of the tumor or 
irreversible damage to the nerve. In the patient fortunate enough to survive locally advanced disease, Teflon injection of the paralyzed cord can improve voice quality.

Phrenic Nerve Paralysis

The phrenic nerve courses along the pericardium bilaterally and is subject to injury caused by invasion by primary tumor or bulky adenopathy. The left phrenic nerve 
is more commonly affected than the right, probably because of the relatively greater proximity of the left phrenic nerve to lymph nodes of the aorto-pulmonary window. 
Damage to the left phrenic nerve results in paralysis of the left hemidiaphragm, with consequent volume loss in the left hemithorax. Because the left hemidiaphragm is 
normally lower than the right, this condition has a rather characteristic x-ray appearance. The proximity of the left recurrent laryngeal nerve to the phrenic nerve in the 
aorto-pulmonary window occasionally results in coexisting hoarseness and left diaphragmatic paralysis. Phrenic nerve paralysis is always indicative of locally 
advanced disease. This condition is normally not reversible.

Dysphagia

Dysphagia can result from esophageal obstruction by bulky mediastinal adenopathy. Although bulky adenopathy is a relatively common occurrence, this symptom is 
surprisingly uncommon. Another potential cause of dysphagia is recurrent laryngeal nerve injury. In addition to hoarseness, recurrent laryngeal nerve damage can 
lead to dysfunction of the pharyngeal swallowing mechanism; this problem may be associated with aspiration as well (see previous section Hoarseness).

Treatment of the mediastinal adenopathy with radiotherapy (with or without concurrent chemotherapy) may improve dysphagia caused by this mechanism. Selected 
patients may require nutritional support until effective swallowing is reestablished.

Stridor

Stridor results from compromise of the lumen of the trachea. It can be caused by invasion of the trachea by tumor, or less commonly, bilateral vocal cord paralysis. An 
aggressive approach to management of stridor is necessary because this problem is life-threatening and extremely distressing. Prompt initiation of treatment, 
including radiotherapy or brachytherapy, with or without chemotherapy, is essential. For lesions located high in the trachea, or stridor caused by vocal cord paralysis, 
a tracheostomy may permit placement of a rigid canula beyond the obstruction. Because flow is related to diameter in an exponential fashion, a small increase in 
diameter can result in a dramatic improvement in symptoms; this increase can sometimes be accomplished via laser fulguration. 17,18

Symptoms can be eased by the use of a helium-oxygen mixture (70 : 30) in place of room air or oxygen alone; helium has a much lower viscosity than nitrogen, thus 
reducing obstruction to flow. 19 Patients whose disease progresses despite therapy may require significant doses of morphine for control of symptoms.

Superior Vena Cava Syndrome

Superior vena cava (SVC) syndrome is a relatively common complication of lung cancer. It is generally a consequence of obstruction of the superior vena cava by 
right paratracheal adenopathy or central extension of a primary tumor in the right upper lobe. The syndrome is characterized by facial swelling, flushing, cough, and 
neck and chest wall vein distention. The extent and severity of symptoms greatly depends on how rapidly the obstruction progresses and on the speed and extent of 
the development of collateral circulation. Rapidly developing obstruction is most dangerous because it can result in central nervous system symptoms, including coma 
and death. Much more commonly, however, the onset is insidious, with swelling of the face, upper extremities, and breasts, causing the patient to seek medical 
attention.

In the undiagnosed patient, the principal differential diagnosis is between lung cancer and lymphoma. Approximately 80% of patients with SVC syndrome in the United 
States have an underlying diagnosis of lung cancer, divided approximately equally between small cell and non–small cell histologies. 20 In countries where 
tuberculosis is more prevalent, this disease is also a significant cause of SVC syndrome. Once considered an emergency, current practice is to obtain a tissue 
diagnosis expeditiously prior to the initiation of appropriate therapy. 21 Bronchoscopy, mediastinoscopy, or mediastinotomy usually yields a diagnosis with little risk to 
the patient. Radiotherapy remains the preferred treatment for non–small cell lung cancer (NSCLC); in selected situations, concurrent chemotherapy may be 
appropriate. Small cell lung cancer (SCLC) is best approached with chemotherapy (with or without concurrent radiotherapy), 22 (see also Chapter 53, Chapter 54).

Pleural Effusion

Approximately 15% to 20% of lung cancer patients present with pleural effusion. Although most of these effusions are ultimately determined to be malignant, about 
one-half are initially cytologically negative. Diagnostic thoracentesis should be performed to determine the origin of the effusion, with an adequate amount of fluid sent 
for cytology. The differential diagnosis for causes of effusion can include atelectasis, pneumonia, tuberculosis, and congestive heart failure, among others. It is 
important to identify malignant effusion if possible. Proper classification of an effusion can both prevent the application of ineffective local measures (i.e., surgery or 
radiotherapy) as well as ensure that resectable patients are not denied the benefits of surgery.

The management of malignant pleural effusion varies greatly depending on the clinical situation. Patients with good performance status and reasonable life 
expectancy can benefit from aggressive interventions such as video-assisted thoracoscopy and talc insufflation. Traditional thoracostomy tube placement can also be 
beneficial to patients who are in good physical condition. 23,24,25 Patients with more advanced stages of disease are better served by placement of a flexible small-bore 
catheter, which does not require hospitalization.

Pleural effusions may resolve with effective chemotherapy, especially in patients with SCLC. In selected patients with NSCLC, chemotherapy may be tried as initial 
management of effusion, but most patients in this category require more aggressive local measures at some point (see also Chapter 59).

Pericardial Effusion

Pericardial effusion develops in 5% to 10% of patients with lung cancer. Its dramatic clinical symptoms can be readily alleviated by relatively simple interventions, so 
recognizing this complication is important. Pericardial effusion typically occurs in the setting of progressive locally advanced disease. The onset is usually insidious, 



with shortness of breath and orthopnea as the initial symptoms. The symptoms and signs progress to severe dyspnea, anxiety, tachycardia, substernal chest tightness 
or pain, jugular venous distention, pulsus paradoxus, hepatomegaly, and azotemia, and ultimately hypotension and death.

It is important to recognize that pericardial tamponade can be difficult to diagnose, and that the diagnosis is missed antemortem in as many as one-third of patients. 
Patients can be relatively asymptomatic except for dyspnea and anxiety until very late in the course of the disease. The symptoms are relatively nonspecific and are 
often attributed to progression of parenchymal lung disease. The finding of dyspnea without concurrent hypoxia in an anxious, dyspneic patient with locally advanced 
lung cancer should always prompt an investigation for pericardial disease.

Two-dimensional echocardigraphy is the best diagnostic test in the evaluation of the patient with suspected pericardial tamponade. The test is universally available 
and gives rapid results. When a significant effusion is identified, the choice of therapy depends on whether right-sided collapse typical of tamponade is seen. The 
patient with tamponade requires immediate intervention; unless the patient's life expectancy is very limited, the preferred treatment is pericardiotomy (pericardial 
window) via a subxiphoid approach.26 Patients with a very short expected survival, or in whom thoracic surgical intervention is not immediately available, can be 
approached with pericardiocentesis. In institutions where skilled radiologic interventional teams are available, the placement of a small-bore pericardial catheter can 
be effective. This catheter can be used to instill a pericardial sclerosing agent, with many patients achieving good control of the effusion 27 (see also Chapter 60).

Pericardial effusion is a late complication of radiation therapy and combined chemoradiotherapy to the mediastinum, particularly when significant portions of the 
pericardium are included in the field. 28 This complication can occur in patients who are cured of their malignancy; pericardial window is life-saving in this 
circumstance. As greater numbers of patients receive aggressive chemoradiotherapy regimens for stage III NSCLC, we can expect to see increasing numbers of 
patients with late benign pericardial effusion requiring intervention.

Pancoast Syndrome

Pancoast syndrome is the occurrence of shoulder and upper chest wall pain caused by the presence of a tumor in the apex of the lung with invasion of adjacent 
structures. It can be accompanied by Horner's syndrome, brachial plexopathy, and reflex sympathetic dystrophy. The typical patient has symptoms for one year or 
more before a diagnosis of malignancy is made. The patient is often evaluated by an orthopedic surgeon or a rheumatologist for persistent shoulder pain, and many 
patients receive steroid injections of the shoulder joint before a chest x-ray reveals the underlying cause of the problem.

The pain is usually caused by direct invasion of the chest wall and the first and second ribs, and in some cases by invasion of the transverse processes and bodies of 
the upper thoracic vertebrae. Spinal cord compression can occur by direct invasion of the spinal canal at this level, requiring aggressive intervention. Invasion of the 
lower roots of the brachial plexus results in pain in the arm, radiating down to the fourth and fifth digits. Destruction of the superior cervical ganglion causes Horner's 
syndrome, which is the triad of ipsilateral ptosis, meiosis, and anhydrosis that results from loss of sympathetic innervation of the affected side of the face. When the 
upper sympathetic chain is also destroyed, autonomic innervation to the affected limb is lost, leading to reflex sympathetic dystrophy, a condition characterized by 
pain and swelling resulting from loss of vascular tone regulation.

Patients with Pancoast tumors have often experienced long periods of poorly controlled pain by the time the diagnosis is made. Pain control can be problematic, and 
these patients often require large doses of long-acting narcotics to achieve comfort.

Treatment of Pancoast tumors depends on the stage at presentation. Patients without involvement of mediastinal lymph nodes can achieve long-term survival after 
preoperative radiotherapy or chemoradiotherapy followed by aggressive surgical resection. 29 When mediastinal lymph nodes are present, treatment is palliative, and 
the primary focus shifts to the significant problem of controlling symptoms, especially pain. Radiotherapy is the mainstay of treatment, with or without chemotherapy, in 
this setting (see also Chapter 39). Pain control is usually transient, however, and most patients require further intervention. Achieving adequate control of pain is 
challenging in this situation, and many patients require high doses of systemic narcotics. Some patients achieve significant relief by placement of an epidural or 
intradural catheter.

Lymphangitic Spread

Lymphangitic spread of the tumor through the parenchyma of the lung is an ominous development, usually portending the imminent demise of the patient. This 
problem is characterized by the development of progressive dyspnea, cough, and hypoxia associated with an expanding infiltrate. Fever is often a component as well. 
High-dose corticosteroids are often transiently effective in relieving dyspnea caused by this complication.

Lymphangitic spread often presents a diagnostic dilemma. The nonspecific nature of the infiltrate often results in uncertainty regarding the diagnosis, and the 
differential diagnosis typically includes infection and radiation pneumonitis. In some cases, high-resolution computed tomography (CT) scanning may reveal 
characteristic changes associated with lymphangitic spread. 30 Bronchoscopy with bronchoalveolar lavage can also be useful in establishing a diagnosis. Although 
open lung biopsy is usually definitive, its use must be weighed against the morbidity of the procedure. Empiric use of antibiotics and high-dose steroids may be 
preferable in many patients.

MANIFESTATIONS OF EXTRATHORACIC SPREAD

Brain Metastases

Lung cancer is the most common cause of brain metastases. Approximately one-half of SCLC patients develop brain metastases during the course of their disease. 
Lesser numbers of NSCLC patients develop this complication, but the incidence is increased in certain clinical settings, particularly after resection of locally advanced 
disease.

The manifestations of brain metastases are variable and depend on the location of the lesion and the amount of associated edema or hemorrhage. Patients may 
present with focal weakness, generalized or focal seizures, confusion or dementia, dysphasia, visual disturbances, or ataxia. Leptomeningeal disease may present as 
cranial nerve palsies or cauda equina syndrome.

CT scanning is useful in identifying the presence of metastases, especially in symptomatic patients. Magnetic resonance imaging (MRI) is clearly the gold standard for 
identifying central nervous system (CNS) disease, however, and is more sensitive than CT. MRI with gadolinium contrast is particularly important for identifying other, 
smaller lesions when resection is being contemplated; it is also useful for spotting potential leptomeningeal involvement.

Initial management of symptomatic brain metastases consists of corticosteroids (usually dexamethasone), given intravenously at first in very symptomatic patients, 
otherwise orally. Patients with seizures should receive diphenylhydantoin, but this drug is not recommended prophylactically because of a high potential for side 
effects.33 Subsequent management depends on the size, number, and location of the lesions and general condition of the patient. Of particular importance in deciding 
on an aggressive intervention is the status of the lung cancer in the rest of the body; widespread uncontrolled disease contraindicates the use of resection or other 
aggressive measures.31,32

Resection of one to three metastatic lesions is reasonable in patients who are in good general condition. Resection followed by whole-brain irradiation results in better 
long-term control than radiotherapy alone. Patients with posterior fossa lesions are particularly likely to benefit from resection. Stereotactic radiosurgery (gamma 
knife) may have a similar role; studies to investigate this treatment are ongoing (see also Chapter 58).

Leptomeningeal carcinomatosis represents a particularly difficult challenge in patients with lung cancer. It is poorly responsive to treatment, and most patients 
deteriorate rapidly, even with aggressive interventions such as Ommaya reservoir placement and intrathecal chemotherapy. Except in carefully selected patients, 
leptomeningeal disease should be approached conservatively, with an emphasis on comfort. 34

Bone Metastases

Bone is a common site of metastatic involvement in lung cancer. Management of metastases depends on the condition of the patient and the location of the disease. 
Metastases to weight-bearing areas should be considered for radiotherapy, whereas non–weight-bearing sites can be treated with systemic chemotherapy, with 



radiotherapy reserved for progression. In contrast to breast cancer, lung cancer patients do not typically survive long enough to benefit from aggressive interventions 
such as hip joint replacement for metastatic disease; such approaches should be limited to carefully selected cases.

Bone pain caused by metastases may require significant doses of narcotics for control; these patients may benefit from the addition of a nonsteroidal antiinflammatory 
drug (NSAID), which can be quite effective and which may result in a reduction of the narcotic dose.

Liver and Adrenal Metastases

Lung cancer commonly spreads to the liver and adrenal glands in addition to the brain and skeletal system. Except for some reports regarding resection of solitary 
adrenal metastases, results of surgical resection are uniformly disappointing. 35 The sensitivity of the liver and surrounding organs to radiotherapy limits the use of this 
modality as well, although patients with rapidly expanding livers can sometimes obtain palliation of pain. Systemic therapy may be effective, but benefits tend to be 
short lived.

Other Metastatic Sites

Because lung cancer is so common, metastases are occasionally seen at a variety of other sites, some very unusual, including skin, soft tissue, bowel, thyroid, ovary, 
and pancreas, among others. Management of other metastatic sites is typically symptomatic.

PARANEOPLASTIC SYNDROMES

Carcinomas of the lung most often present with symptoms related to the locoregional effects of the primary tumor or to the manifestation of extrathoracic spread. 
However, remote effects of the primary cancer, termed paraneoplastic syndromes, result in organ dysfunction. 36 Several different paraneoplastic syndromes are 
clinically apparent in 10% to 20% of patients with bronchogenic carcinoma. The more common syndromes associated with lung cancer are listed in Table 29.3.

TABLE 29.3. PARANEOPLASTIC SYNDROMES ASSOCIATED WITH LUNG CANCER

Cachexia

Cancer cachexia syndrome is characterized by anorexia, weight loss and weakness resulting in impaired immune status, tissue wasting, and decline in performance 
status.37 This syndrome occurs commonly in lung cancer patients but usually in the case of advanced disease. The origin of cancer cachexia is not totally understood 
but is probably multifactorial. Several cytokines, tumor factors, and hormones have been implicated, including tumor necrosis factor alpha, interleukins, proteoglycan, 
insulin, corticotropin, epinephrine, human growth factor and insulinlike growth factor. 38,39 The cancer patient may also have a maladaptive metabolism resulting in a 
poor utilization of nutrients, in addition to decreased caloric intake. 40 Anorexia can be potentiated by pain, gastrointestinal involvement by tumor, development of food 
aversions, and the systemic effect of cancer treatment. 41

The cachexia syndrome is not easily managed. Simply increasing nutritional support even by enteral or parenteral means is not clinically efficacious. 42 Several 
pharamacologic agents have been utilized to improve anorexia in cancer patients. The most commonly used agent is megestrol acetate. In a trial by Loprinzi, a 
positive dose-response effect on appetite resulted with increasing doses of megestrol acetate (no benefit beyond 800 mg/day), and a trend toward non–fluid weight 
gain was apparent.43 Steroids have limited benefit; tetrahydrocannabinol derivatives may be useful in improving appetite and symptoms of nausea. A better 
understanding of the mechanism of cancer-related anorexia/cachexia will clearly be needed before more advances can be made.

ENDOCRINOLOGIC SYNDROMES

Hypercalcemia

Hypercalcemia is a fairly common metabolic problem associated with malignancies. Several pathologic mechanisms have been proposed, including osteolytic bone 
metastases or humoral and cytokine factors such as parathyroid hormone-related protein, transforming growth factor a, interleukin-1, tumor necrosis factor, 
prostaglandins, and lymphotoxin.44 Some of the more common cancers associated with hypercalcemia include breast, lung, kidney, head, and neck, and hematologic 
malignancies such as multiple myeloma and lymphomas.45 Bender and Hansen reviewed 200 consecutive cases of bronchogenic lung cancer and found a 12.5% 
incidence of hypercalcemia.46 Hypercalcemia associated with carcinoma of the lung can occur with bone metastases but often occurs in the absence of osseous 
involvement. Squamous cell carcinoma is the most common histology associated with this paraneoplastic presentation, generally in advanced-stage disease. 47 
Hypercalcemia rarely occurs in small cell carcinoma even though other paraneoplastic syndromes are common in this malignancy. 48 Benign conditions may be 
responsible for hypercalcemia in cancer patients. An example of this relationship would be coexistence of primary hyperparathyroidism with the malignancy. 49

Calcium is controlled by the interaction of parathyroid hormone (PTH), 1,25-dihydroxyvitamin D, and calcitonin in the bone, kidney, and gastrointestinal tract. PTH 
stimulates bone resorption, renal calcium reabsorption in the distal renal tubules, and production of vitamin D by the kidney. Patients with cancer-related 
hypercalcemia can have increased PTH activity in their blood. 50 Immunoreactive PTH levels are usually low or normal, however a PTH-related protein (PTH-RP) can 
be detected in the serum. This protein product is homologous with PTH at the amino-terminus, which is the portion that binds to the PTH receptor. 51 The gene 
responsible for PTH-RP expression is located on the short arm of chromosome 12. PTH-RP acts as a hormone that stimulates bone resorption and renal phosphate 
wasting, resulting in hypercalcemia and hypophosphatemia.

Clinical symptoms associated with hypercalcemia can be variable depending on the level of serum calcium and rapidity with which the level was achieved. Early 
manifestations can include nausea and vomiting, fatigue, lethargy, anorexia, muscle weakness, constipation, pruritis, polyuria, and polydypsia. The symptoms may not 
be recognized because they can be related to the existing malignancy, treatment toxicities (i.e., chemotherapy, narcotics), and other comorbid conditions. If untreated, 
patients can become severely dehydrated, subsequently developing renal insufficiency. Glomerular filtration is decreased, and a reversible defect in the kidney can 
result in loss of urine-concentrating ability. 52 Neurologic manifestations can also be significantly worsened, resulting in confusion, obtundation, psychosis, seizures, 
and coma. Further effects on the gastrointestinal tract can lead to obstipation and ileus. Electrocardiographic changes can occur with a prolonged PR interval, 
shortened QT interval, and a wide T-wave. These changes can result in bradycardia and atrial or ventricular arrhythmias. Poor performance status, advanced age, 
and preexisting renal and hepatic dysfunction can add to the effects of hypercalcemia.

Patients who have serum calcium levels higher than 13 mg/dl or who exhibit symptoms related to hypercalcemia usually require treatment. Goals of treatment should 
include hydration, inhibition of bone resorption and/or promotion of calcium excretion, and treatment of the underlying malignancy. 53

Because hypercalcemic patients are often dehydrated, rehydration has become a mainstay of treatment. Vigorous hydration with isotonic saline (200 to 400 mL/hr) 



can be used for several hours to restore intravascular volume and glomerular filtration and to promote calcium excretion. 54 Care must be taken in the patient with 
cardiovascular compromise or renal insufficiency to avoid volume overload. Slower hydration may be more appropriate in this population. In cases of renal failure, 
dialysis may have to be employed. Diuretics should be used judiciously once rehydration is achieved. Thiazide diuretics should be avoided because they can increase 
calcium resorption in the distal tubule. Furosemide is the diuretic of choice and can promote calcium excretion by interfering with calcium reabsorption in the 
ascending limb of Henle's loop. Diuretics should be used primarily to balance fluid intake and output. The use of saline hydration and forced diuresis for treatment of 
hypercalcemia is no longer recommended. Along with hydration, a pharmaceutical agent that helps decrease bone resorption should be employed.

The biphosphonates are the most common drugs used for the treatment of hypercalcemia. These compounds are structural analogues of pyrophosphate and by 
binding to hydroxyapatite are potent inhibitors of bone crystal dissolution and osteoclast resorption. 54 Pamidroniate is the most widely used biphosphonate. It is 
generally administered at a dose of 60 or 90 mg as a 2- to 4-hour infusion. Onset of action is 24 to 48 hours and side effects are minimal (i.e., venous irritation, flu like 
symptoms). Pamidronate has been shown to be more effective than a first-generation biphosphonate etidronate. 55 Other more potent biphosphonates are currently 
undergoing clinical trials.

Gallium nitrate is a potent inhibitor of bone resorption via inhibition of an ATPase-dependent pump in the osteoclast. 56 It may also play a role in bone formation. 57 
Gallium nitrate is usually administered at a dose of 100 to 200 mg/m 2/day by continuous infusion for up to five days. Onset of action is usually within 24 to 48 hours. 
Clinical trials indicate gallium's superiority over etidronate and calcitonin. 58,59 Urine output has to be maintained during administration, and nephrotoxic drugs should 
be avoided because of a potential for renal toxicity.

Calcitonin exerts its hypocalcemic effect by inhibiting bone resorption and promoting calcium excretion. 45 Its main advantage is that it has a rapid onset of action (2 to 
4 hours) and can be used in critically ill patients even if they have renal insufficiency. A very rare incidence of hypersensitivity has been associated with 
administration. The main disadvantage of the drug is that the hypocalcemic effect is weak and rapidly wears off. It usually needs to be combined with another 
hypocalcemic agent for prolonged effect. The maximum dose of calcitonin is 8 IU/kg intramuscularly or subcutaneously every six hours. 60

Plicamycin (mithramycin) is an antineoplastic agent that is toxic to osteoclasts. 61 The usual dose is 25 mg/kg given as a brief infusion. Dose adjustment have to be 
made in patients with renal and/or hepatic insufficiency. Because of potential side effects of nausea and vomiting, bone marrow suppression, nephrotoxicity, and 
hepatotoxicity, it is no longer commonly used unless the patient has hypercalcemia resistant to other agents.

Corticosteroids are useful agents in patients whose diseases are often treated with these drugs (i.e., hematologic malignancies, breast cancer). Steroids are not 
particularly effective in lung cancer–related hypercalcemia.

Ultimately successful treatment of the malignancy controls the hypercalcemia. This goal is particularly difficult in the case of advanced lung cancer. No effective oral 
agents, are available for maintenance of a desired serum calcium level. Patients who have continued problems with symptomatic hypercalcemia may require 
intermittent treatment with one of the hypocalcemic agents. Pamidronate can easily be given as an outpatient infusion for this purpose.

Syndrome of Inappropriate Antidiuretic Hormone

The syndrome of inappropriate antidiuretic hormone (SIADH) is most commonly associated with SCLC. Other cancers including NSCLC, prostate, adrenal cortex, 
esophageal, pancreas, colon, head and neck, thymoma, mesothelioma, bladder, carcinoid tumors, and hematologic malignancies have been associated with SIADH. 62

 Nonmalignant conditions, such as an intracranial process (i.e., trauma, cerebral vascular accident, infection), pulmonary infection, or drug-related toxicity, can also be 
associated with SIADH. Chemotherapeutic agents (vincristine, cisplatin, cyclophosphamide), narcotics, chlorpropramide, thiazides, chlofibrate, and carbomazepines 
have all been implicated.63 Other causes for hyponatremia in the lung cancer patient include cardiac, liver and renal disease, adrenal insufficiency, hypothyroidism, 
and gastrointestinal and renal losses that are not SIADH related.

The patient with SIADH usually presents with hyponatremia. The diagnosis requires several clinical criteria to be present, including euvolemia, serum hyposmolality 
with inappropriate urine hyperosmolality and urinary sodium, and normal renal, adrenal, and thyroid function. Other causes of hyponatremia need to be ruled out, 
particularly drug-related causes. A serum measurement of ADH is not necessary to make the diagnosis of SIADH.

Patients are generally asymptomatic, but the degree of symptoms is related to the rate of fall of the serum sodium. Patients often present with nonspecific complaints 
of nausea, generalized weakness, anorexia, headache, and lethargy. When the serum sodium falls below 115 mEq/L, altered mental status, psychosis, seizures, focal 
neurologic signs, and coma can result.

Mild hyponatremia with little or no symptoms can be managed by fluid restriction of 500 to 1,000 mL per day. 62 Because it is often difficult to accomplish fluid 
restriction on an outpatient basis, demeclocycline may be used. Demeclocycline at 600 mg/day partially inhibits the action of vasopressin by producing a reversible 
diabetes insipidus.64 The drug can take up to two weeks to be effective. Patients may experience gastrointestinal upset, and renal function should be monitored while 
the patient is on treatment.

In patients with severe symptoms related to hyponatremia, such as mental status changes, treatment with hypertonic 3% saline and furosemide may be required. The 
goal is not to correct the serum sodium too rapidly. The recommended correction rate is 1 mEq/L/hour to avoid the potential complication of central pontine 
demyelinosis.65,66 Patients must be monitored carefully in this situation, preferably in an intensive care unit setting.

Because the majority of cancer patients who present with SIADH have SCLC, treatment with systemic chemotherapy should be instituted. More than 80% of the 
patients will normalize their serum sodium within six weeks of treatment.67 The presence of SIADH is not a prognostic factor with regard to tumor response or patient 
outcome.68 Some patients actually develop SIADH postchemotherapy.67 In the treated patient, the redevelopment of a low serum sodium may herald the recurrence of 
disease.

Ectopic Adrenocorticotropin Hormone Syndrome

Most normal tumor tissues produce a precursor adrenocorticotropin hormone (ACTH) molecule, whereas carcinomas produce this same precursor in much larger 
quantities. Some neoplasms convert the precursor ACTH to biologically active ACTH, resulting in clinically apparent Cushing's syndrome. 69 The most common 
malignancy associated with ectopic Cushing's syndrome is SCLC. Other lung cancer histologies tend to produce precursor ACTH that does not result in Cushing's. 70 
Other neoplasms associated with ectopic ACTH production include carcinoid tumors, thymic cancer, islet cell tumors, pheochromocytoma, neuroblastoma, medullary 
carcinoma of the thyroid, and various malignancies. 71

The clinical features associated with Cushing's disease and Cushing's syndrome from ectopic ACTH production are not entirely identical. Both may have truncal 
obesity, moon facies, weakness, hypertension, hirsutism, and metabolic disturbances. Purple striae and a buffalo hump are not usually seen in patients with 
malignancies because they do not live long enough to develop these physical findings. Hyperpigmentation occurs in ectopic ACTH related to Cushing's syndrome. 
Metabolic alkalosis, glucose intolerance, and hypokalemia are the biochemical abnormalities. The hypokalemia can be very severe. In cancer-related Cushing's, the 
hypokalemia is caused by the mineralocorticoid (aldosterone) receptor binding of cortisol. 72

The goal of diagnosis is to distinguish between pituitary adenoma, ectopic ACTH production, and adrenal disorders. Radioassays of the ACTH plasma level are 
elevated in pituitary-related Cushing's and ectopic ACTH production. The elevated ACTH rules out primary adrenal disease. A dexamethasone suppression test is 
usually the next step.

The low-dose dexamethasone suppression test (0.5 mg every 6 hours for 8 doses) does not suppress either ectopic ACTH secretion or patients with Cushing's 
disease. The high-dose dexamethasone suppression test (2 mg every 6 hours for 8 doses) suppresses cortical production in patients with pituitary-related Cushing's 
disease and usually does not suppress production related to ectopic ACTH production. Because these tests do not ensure the origin of the ACTH production, 
metyrapone and corticotropins releasing hormone suppression tests have been used. 73,74 Inferior petrosal venous sampling, although invasive, can show a gradient 
as compared to peripheral samples in Cushing's disease. 75



In patients with SCLC, approximately 5% develop Cushing's syndrome. 76 In these cases, treatment should initially include systemic chemotherapy. Patients with SCLC 
and Cushing's syndrome appear to have inferior response to treatment and shortened survival. 77 It is postulated that this observation may relate to increased 
complications, such as infections related to exposure to high-dose corticosteroids. For control of symptoms related to Cushing's syndrome, medications can be used 
along with antineoplastic treatment. Ketoconazole is probably the medical treatment of choice because of its effectiveness and low incidence of side effects. The drug 
exerts its effect by blocking corticosteroid production via inhibition of 17-hydroxylase and 11-hydroxylase. 78 The dose is 400 to 1,200 mg/day. Hypoadrenalism has 
been reported with prolonged treatment. Other agents such as mitotane, metyrapone, and aminoglutethemide have been used, but they either are not as effective as 
ketoconazole or they have less favorable toxicity profiles. The somatostatin analogue octreotide has been used in the suppression of ACTH release associated with 
carcinoid tumors.79

Other Endocrinologic Paraneoplastic Syndromes

Lung cancers, particularly SCLCs, can produce other hormonal substances, but this process does not always result in a clinically significant paraneoplastic syndrome. 
SCLCs and carcinoids can produce calcitonin, but hypocalcemia is rarely seen. 80 Gonadotropin secretion can occur from bronchogenic carcinomas. 80 Production of 
the b-subunit of human chronic gonadotropin can result in a male patient presenting with gynecomastia. Other causes of bhCG elevation, such as germ cell tumors, 
should be ruled out in this situation. Galactorrhea as a result of increased prolactin level has been reported. 81 Thyroid-stimulating hormone can be produced by 
tumors but rarely results in clinical hyperthyroidism. Acromegaly has been attributed to the release of a growth hormone–releasing factor by a bronchial carcinoid. 82 
Hypoglycemia is rarely associated with non–islet cell malignancies. Mesothelioma is the most common neoplasm associated with hypoglycemia. The suspected cause 
is the tumor secretion of a nonsuppressable insulin-like substance. 83

Neurologic Syndromes

Neurologic paraneoplastic syndromes are relatively rare and can involve any portion of the nervous system. Effects can be relatively focal or widespread. These 
syndromes may often develop before the actual diagnosis of the cancer. SCLC is the most common histologic type associated with neurologic paraneoplastic 
syndromes.

The origin of most neurologic paraneoplastic syndromes is thought to be related to an autoimmune process. The tumor produces substances that are similar to those 
normally expressed by the nervous system. It is hypothesized that autoantibodies are produced by the immune system in reaction to the foreign substances produced 
by the tumor, and these autoantibodies cross-react with neuronal antigens, thus causing damage to normal tissue.

Several autoantibodies have been characterized in patients with neurologic paraneoplastic syndromes. Anti-Hu antibodies are expressed in patients with SCLC. 84 The 
antibody is a 35 to 40 kD protein that has activity against the neuronal nucleus. Low titers are often present with no clinically evident paraneoplastic syndrome. Their 
presence may be indicative of better response to chemotherapy and improved survival. 85 Anti-Hu is associated with the clinical syndromes of encephalomyelitis, 
sensory neuropathy, cerebellar degeneration, autonomic neuropathy, limbic encephalitis, and opsoclonus/myoclonus. 84 Other antibodies that have been identified in 
SCLC include anti-Yo (cerebellar degeneration), anti-Ri (opsoclonus/myoclonus, cerebellar degeneration), anti-VGCC (Lambert-Eaton myasthenic syndrome), 
antiretinal (cancer-associated retinopathy), and antiamphiphisin (stiff-man syndrome). 86

Lambert-Eaton Myasthenic Syndrome (LEMS) can occur in up to 3% of SCLC patients. 87 Most patients usually present with weakness of the proximal muscles 
associated with aches and stiffness. Patients may also complain of autonomic dysfunction (i.e., dry mouth, constipation, impotence) 88 and paresthesias. Cranial nerve 
findings can occur but are usually mild. The findings of a diminished compound muscle action potential at rest, and an incrementing response with rapid, repetitive 
nerve stimulation or maximum voluntary muscle contraction is pathonomonic of the syndrome.89 Treatment of LEMS has included plasmapheresis, IVIG, 3–4 
diaminopyridine, pryridostigmin, and immunosuppressive therapy. Successful treatment of the malignancy usually improves the symptoms.

Several types of peripheral neuropathy can occur as paraneoplastic syndromes: motor, sensory, sensorimotor, and autonomic. 90 The motor neuropathies have more 
often been seen in Hodgkin's and non-Hodgkin's lymphoma. The sensory neuropathies are more commonly associated with SCLC. The sensory loss usually begins 
distally and extends proximally. The symptoms can become quite severe, resulting in significant disability. No specific treatment is available, and antineoplastic 
therapy may or may not be beneficial. The syndrome of pseudo-obstruction of the bowel is the best-characterized autonomic neuropathy usually associated with 
SCLC.91 Additional symptoms of autonomic neuropathy include gastroparesis, esophageal dismotility, orthostatic hypotension, urinary retention, impotence, and dry 
mouth.

Paraneoplastic cerebellar degeneration usually presents with abrupt onset of cerebellar symptoms, such as ataxia and dysarthria. Mild to moderate dementia can also 
develop. As previously described, several antibodies have been associated with this disorder. Pathologic changes are associated with loss of Purkinje cells. 92 This 
disorder is rare and usually predates the development of the malignancy. Cerebellar degeneration may be part of a more generalized encephalomyelitis in SCLC that 
is associated with anti-Hu antibody. 84 Limbic encephalitis is another rare paraneoplastic syndrome that may be isolated or associated with encephalomyelitis. 93 
Symptoms can include memory loss, personality changes, confusion, hallucinations, and seizures.

Myotonia and stiff-man syndrome, consisting of severe muscle stiffness and cramping, have been reported with SCLC. 94 Treatment of the cancer and steroids may 
help the symptoms. Opsoclonus/myoclonus, which is a syndrome more common in children with neuroblastoma, has been seen in adults with lung cancer. 95 Finally, 
cancer-associated retinopathy is a rare paraneoplastic syndrome reported with SCLC. It is characterized by loss of the rods, cones, and ganglion cells of the retina. 96 
Symptoms include photosensitivity, scotomatous visual loss, impaired color vision, and nightblindness. Steroids may help stabilize symptoms.

Musculoskeletal Paraneoplastic Syndromes

Hypertrophic pulmonary osteoarthopathy (HPO) has long been associated with carcinoma of the lung. It is characterized by both digital clubbing and periostosis of the 
tubular bones.97 Digital clubbing involves paronychial soft tissue expansion with loss of the angle between the base of the nail bed and cuticle and can involve both 
fingers and toes. Clubbing can present as an isolated finding but must be associated with periostosis to diagnose HPO. Nonmalignant conditions can be associated 
with HPO, but the most common neoplastic cause is bronchogenic carcinoma. Adenocarcinoma and large cell are the most common histologies, with SCLC 
accounting for a small number of cases.98 The origin of HPO is not really known. It has been suggested that a humoral mechanism, specifically growth hormone, may 
be involved.99

Diagnosis is made with radiographs of the long bones, which show periosteal elevation. A radioisotope bone scan can be very sensitive in detecting HPO before it is 
evident on radiographs. Patients often present with arthralgias, which can be very debilitating. Treatment of the malignancy does not usually alleviate symptoms 
because patients often have advanced NSCLC. NSAIDs can be useful in treating the pain.

Dermatoyositis and polymyositis are inflammatory conditions characterized by muscle weakness and tenderness, and skin changes, in the case of dermatomyositis. 
Breast and lung cancers are the most common associated malignancies. Most cases are idiopathic in nature and unrelated to cancer. Some controversy exists about 
whether an actual increase in cancer risk is related in patients who have either condition. 101,102 The course of these conditions may not parallel the course of the 
malignancy. Immunosuppressives, particularly steroids, have been used for treatment.

Mucocutaneous Manifestations

Many cutaneous syndromes are associated with cancer. Many of these skin lesions are uncommon, and the association with malignancy is stronger. Some of the 
cutaneous findings are common and may be associated with benign conditions. It is beyond the scope of this review to describe all of these mucocutaneous 
manifestations. Table 29.4 shows a compilation of the syndromes associated with lung 
cancer.63,64,65,66,67,68,69,70,71,72,73,74,75,76,77,78,79,80,81,82,83,84,85,86,87,88,89,90,91,92,93,94,95,96,97,98,99,100,101 and 102



TABLE 29.4. MUCOCUTANEOUS SYNDROMES ASSOCIATED WITH LUNG CANCER

Hematologic Syndromes and Vascular Manifestations

Anemia is a common problem in cancer patients, with many possible causes such as bleeding, nutritional deficiencies, and bone marrow involvement by the 
malignancy. Anemias with no apparent cause can be termed paraneoplastic. Red blood cells are usually normochromic or slightly hypochromic, ferritin levels and iron 
stores are normal or increased, and erythropoetin levels and reticulocyte counts are inappropriately low. The anemia may be related to several cytokines that blunt 
erythropoetin response.103 Rarely, autoimmune hemolytic anemia, red cell aplasia, and microangiopathic hemolytic anemia have been associated with lung 
cancers.104,105

Leukocytosis is observed in some patients and may be related to the effects of IL-1 or granulocyte-stimulating factor. 106 Leukopenia is rare. Both eosinophilia and 
monocytosis can occur infrequently. Thrombocytosis is a fairly common occurrence and may be related to cytokine release of IL-6 or thrombopoetin. 107,108 An 
idiopathic thrombocytopenia purpuralike syndrome can rarely be seen in lung cancer. 109

Trousseau's syndrome is one of the earliest paraneoplastic syndromes described. It represents an association between thrombosis and malignancy. It is seen in 
several malignancies, including gastrointestinal, lung, breast, ovarian, and prostate cancers. 110 Deep vein thrombosis of the lower extremities and pulmonary 
embolism are the most common presentations, although unusual location of thromboses can occur. The origin is probably multifactorial and can include release of 
procoagulant materials (particularly from mucin), release of cytokines that have procoagulant activity, platelet hyperactivity, and the release of tissue factors via 
abnormal tumor vasculature.111 Therapy with heparin and/or coumadin may not provide satisfactory treatment.

Nonbacterial thrombotic endocarditis is associated with sterile verrucous fibrin platelet lesions in the left-sided heart valves. It is most commonly associated with 
adenocarcinoma of the lung.112 This syndrome can cause tumor embolisms to the brain and other organs. Anticoagulants are usually not useful.
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Bronchogenic carcinoma is generally first imaged (and often first detected) by chest radiography. Chest radiography is the preferred initial imaging modality because 
of its availability, low cost, low radiation dose, and sensitivity. 1 Computed tomography (CT) and occasionally magnetic resonance (MR) imaging of the chest and 
abdomen are used to stage a known or suspected lung cancer. Various nuclear medicine procedures may be employed to aid in the staging process and to assess 
the patient's medical status for operability, including cardiac and pulmonary function. These techniques are all described in further detail in the following sections.

MORPHOLOGIC APPEARANCES OF LUNG CANCER

For the purpose of this discussion, solitary pulmonary nodule (SPN) is defined as a lesion up to four cm in diameter; larger lesions are designated as masses. Lung 
cancer morphology depends, to a certain extent, on cell type. Although prediction of cell type from morphology is far from 100% accurate, the following 
generalizations are often correct: 2

1. Adenocarcinoma usually presents as an SPN, and most malignant SPNs are adenocarcinomas. Squamous cell is also a common SPN, while SPN is the typical 
manifestation of alveolar cell carcinoma.

2. Large central masses frequently represent squamous cell carcinoma or small cell carcinoma; small cell especially involves mediastinal and hilar lymph nodes, 
sometimes without a recognizable parenchymal lesion, while squamous cell is generally centered at or adjacent to the hilum.

3. A large peripheral mass most commonly represents large cell carcinoma or squamous cell carcinoma; adenocarcinoma occasionally manifests this way. Large 
cell is usually a large a peripheral mass, but a large central mass is its next most common manifestation.

4. Multiple nodules generally occur with alveolar cell carcinoma; adenocarcinoma has also manifested this way. 3 With alveolar cell carcinoma, multiple nodules are 
a late manifestation, usually reflecting aerogenous (or less commonly hematogenous) dissemination.

5. Airspace disease is another late manifestation of alveolar cell carcinoma. It may be focal, lobar, or more diffuse ( Figure 30.1). 

FIGURE 30.1. Multifocal, bilateral airspace disease in alveolar cell carcinoma.

LUNG CANCER SCREENING

Given the success of mammographic screening for breast cancer, it seems intuitively obvious that there should be a similar benefit to chest radiographic screening for 
lung cancer. However, precise figures for sensitivity and specificity of chest radiography are nearly impossible to come by. In fact, sensitivity is particularly dependent 
on the size of the lesion, its position in the lung, and its morphology. Individual centers participating in large-scale screening of high-risk men for lung cancer have 
reported detection of more early stage lesions compared to newly diagnosed cancers in the typical nonscreened population. 1,4 For example, the Mayo Clinic screened 
men 45 years of age or older who smoked more than one pack of cigarettes per day, using chest radiography and sputum cytology every four months. In 4,593 
screened patients, 92 lung cancers were detected, and more than half were American Joint Committee stage I lesions. 4 Screening at Memorial-Sloan Kettering 
Cancer Center produced similar results, with 40% of detected cancers still in stage I; in the two years following cessation of the screening program, this dropped to 
20%.1

However, the real benefit of screening must be improved survival. Two analyses of the Mayo Lung Project have shown no such improvement; 5,6 the lung cancer death 
rate was calculated at 3.1 per 1000 person-years in the screened population, as opposed to 3.0 per 1000 person-years in a control group. 5 Furthermore, screening 
results in cost beyond the expense of radiography and the delivered radiation dose; there are false-positive results in 5% of screening chest radiographs and in 0.5% 
of screening sputum cytologies.5 A separate lung cancer screening study7 of 305,934 participants noted a low detectability rate of stage I adenocarcinoma and late 
recognition of rapidly growing small cell and squamous cell carcinomas. Thus these three studies 5,6 and 7 all concluded that “a policy of periodic screening cannot yet 



be endorsed.” In fact, the best description of lung cancer screening may be as an unproven but not a discredited practice. 8 Chapter 22 and Chapter 24 discuss new 
methods in lung cancer screening.

Recent studies have suggested that low-dose CT scanning might be an alternative way to screen for various pulmonary parenchymal abnormalities. 9,10 and 11 Based on 
initial small studies that demonstrated minimal (if any) decrement in detection of lung nodules with this technique compared to conventional-dose CT, 12,13 and 14 a 
recent report15 specifically addressed the issue of low-dose CT detection of lung nodules in comparison to conventional CT images. Simulated nodules were 
displayed in 144 of 200 image panels, each reviewed by six radiologists independently. Nodules were detected with similar sensitivity (60% versus 63%) and 
specificity (88% versus 91%) by low-dose CT. Helical CT is a further technical refinement that may make low-dose CT screening a practical alternative 16,17,18,19 and 20 
(see also Chapter 22).

MISSED LUNG CANCER

Experience teaches that larger lesions are more easily diagnosed than smaller lesions, and peripheral lesions are more readily detected than central lesions. 
Radiologic diagnosis is facilitated by the presence of typical radiographic features;uncommon manifestations of lung cancer (such as spontaneous regression) may 
prove misleading.21,22 In one study of 27 missed lung cancers, the single most frequently identified cause of missed diagnoses was failure of the radiologist to 
compare the current chest radiographs with previous chest radiographs. 23 Other important factors were upper lobe location of the lesion (81%) and female gender of 
the patient (67%).

In the Mayo Clinic lung cancer screening article cited above, 4 each radiographic study was reviewed by two (and often three) trained and interested observers (chest 
radiologists or chest physicians) specifically to answer the question: “Is there lung cancer?” Amazingly, 45 of 50 peripheral carcinomas that they diagnosed were 
visible in retrospect, with 18 visible for more than one year and four for more than two years; one was visible in retrospect for 53 months! Furthermore, 12 of 16 
perihilar carcinomas and 13 of 20 carcinomas presenting as hilar or paratracheal lymph node enlargement were visible in retrospect, although not generally for as 
long as the peripheral carcinomas. The authors concluded that “. . . failure to detect a small pulmonary nodule on a single examination should not constitute 
negligence or be the basis for malpractice litigation.”

SOLITARY PULMONARY NODULE (SPN)

In the setting of a previous extrapulmonary primary cancer, the relative likelihood that a new SPN is a solitary metastasis versus a new lung cancer depends on the 
histology of the previous primary tumor. In some instances the odds favor a new lung primary, such as for head and neck carcinoma (15.8:1), bladder carcinoma 
(8.3:1), and cervical carcinoma (6:1). 11 In fact, with some primaries, all malignant SPNs in one series were lung cancers (prostate, 26 patients; stomach, 7 patients; 
esophagus, 4 patients; pancreas, three patients). In other cases, a solitary metastasis is favored, such as in patients with soft tissue sarcoma (17.5:1), osteosarcoma 
(6.7:1), melanoma (4.1:1), and testicular carcinoma (2:1). With most primaries the answer is in between, but slightly favoring lung cancer; examples include breast 
carcinoma (1.7:1), colon carcinoma (1.4:1), renal cell carcinoma (1.2:1), and endometrial carcinoma (1.1:1). 24

The SPN is a common presentation of lung cancer. However, most SPNs are benign. Summarizing five large series 25,26,27,28 and 29 of resected SPNs, Siegelman30 noted 
that 53.9% were granulomas, 28.3% were bronchogenic carcinomas or other primary malignancies, 6.6% were hamartomas, and 3.5% were metastases. An even 
higher percentage of all SPNs are presumably benign, because nodules that are clearly calcified on chest radiographs are rarely resected.

The challenge in evaluating SPNs is to avoid invasive procedures in patients who have benign nodules without allowing potentially curable bronchogenic carcinomas 
the time to progress to more advanced or even unresectable disease. This is an area of active, ongoing research. 31,32,33,34,35 and 36 The many approaches that have 
been tried attest to the lack of complete success for any one modality to date. A proper SPN evaluation acknowledges the following key points:

1. Imaging at a single point in time relies heavily on morphologic characteristics in distinguishing benign from malignant SPNs.
2. Calcification is the single best morphologic indicator of benignancy.
3. Behavior (that is, lack of growth) is far better than any morphologic criterion at predicting benignancy.
4. Any predictor of benignancy must err on the side of intervention—it is better to resect a benign SPN unnecessarily than erroneously to call a malignant SPN 

benign.

With the above in mind, and realizing the significant expense (and in some cases radiation dose) of radiologic tests, it is always best to start the evaluation of the SPN 
by seeking old radiographs for comparison. This saves money, radiation, and often time, and provides the possibility for proving that a lesion is benign, no matter 
what its morphology is. A lesion that is stable for two years or more is benign—end of discussion. The flip side is that almost no matter what the morphology is, a 
growing lesion has declared itself to be one that should be resected. The lack of vigor with which old films are pursued is generally disappointing; if the patient were a 
close relative, we would all try a lot harder to spare him/her unnecessary tests that involve (potentially fatal) injection of intravenous contrast. And consider this—how 
many adults 40 years of age or older have never had a prior chest radiograph? In the United States the number must be vanishingly small.

When a lesion is stable, but for less than two years, the situation is less clear-cut. Follow-up radiography to two years may suffice, especially when the period of 
stability is already close to that standard. If only short-term (that is, less than three months) stability is established, it may be best to proceed as though no prior 
studies had been available.

When comparison studies are not available, demonstration of calcification is the best way to attempt to establish a benign etiology. However, not all calcifications are 
benign; for example, eccentric calcification of a nodule at chest radiography is unrevealing as to the nature of the nodule. The demonstration of calcification on chest 
radiographs has been made more difficult by current widely used techniques that employ high kVp. For that reason, chest fluoroscopy with low kVp spot films would 
be a good next step in looking for calcification. Unfortunately, few centers still perform chest fluoroscopy. Computed chest radiography with selective windowing may 
be an alternative possibility. 37

At the current time, most patients with an SPN at chest radiography and no previous comparison films go to CT. Thin-section CT densitometry with or without a 
reference phantom (a cylinder filled with a calcium-containing substance that serves as a standard of comparison to assess density of a patient's nodule) facilitates 
the detection of calcification that could be missed on chest radiographs. In a large cooperative study, 65 of 118 (55%) benign nodules were shown by CT to contain 
previously unsuspected calcification. 38 In 28 of these 65 patients, the calcification was directly visible on thin-section CT images; in 37, it was detected by comparison 
to the reference phantom. Many centers, however, have found the phantom to be significantly less helpful, and in current practice it is rarely used.

Thin-section CT without the reference phantom has significant potential to prevent unnecessary thoracotomies. At Johns Hopkins, more than 40% of SPNs without 
plain film evidence of calcification proved to be benign, and more than 50% of these were correctly assessed by CT by the detection of diffuse calcification; for lesions 
under 2 cm in size, the likelihood both of benignancy and of correct assessment by CT increased. 39 In the absence of nodule calcification, thin-section CT can still 
occasionally establish a benign diagnosis. Fat in a pulmonary nodule makes hamartoma the almost certain diagnosis. 40

In some centers, nodules that are indeterminate at CT densitometry may be percutaneously aspirated; high accuracies have been reported, with a positive predictive 
value of 99%. The real challenge, of course, is to make a negative cytologic aspiration accurate and furthermore to establish a specific benign diagnosis. Using 
systematic staining and culture schemes, high negative predictive values have been reported for patients in whom a specific benign diagnosis could be made. 41 
However, the negative predictive value is generally lower in patients with a biopsy showing nonspecific inflammation. Recent published studies have reported overall 
negative predictive values ranging from 52% to 84%. 42,43

Given these results, surgeons at many institutions believe that a negative fine-needle aspiration biopsy of an SPN is not sufficiently reliable due to sampling error, and 
they will resect the nodule regardless of the biopsy results. Therefore, preoperative biopsy is generally not indicated at such institutions. An exception would occur in 
the patient with a history of previous extrathoracic primary neoplasm. At other institutions, it is advocated that a nonspecific negative fine-needle aspiration biopsy of 
an SPN be followed by a repeat biopsy. If the repeat biopsy is also negative for neoplasm, then close follow-up is advised. Some investigators have suggested the 
use of core biopsies to increase the yield of specific benign diagnoses. 44,45

Before the SPN comes to thoracotomy there is still the possibility of following the lesion radiographically at close intervals. This is where the radiologic discussion 



ends; follow-up radiography versus histologic sampling is a clinical, not a radiologic decision. If follow-up radiography is elected, it might start at two to three month 
intervals, which might later increase to six-month intervals if the SPN remains stable. The ultimate goal is to demonstrate two years of stability, proving benignancy.

An overview of the recent literature reveals many interesting and innovative approaches to proving that an SPN is benign. Preliminary studies with follow-up of 
noncalcified SPNs have reported that all or nearly all malignant SPNs enhance by at least 20 Hounsfield units (HU) within two to four minutes after contrast injection; 
few benign SPNs enhance to that degree.46,47 and 48 Based on these promising preliminary results, a multicenter study recently evaluated 356 SPNs that were greater 
than or equal to 5 mm, solid, relatively spherical, homogeneous, and without calcification or fat on noncontrast images. Contrast-enhanced images were obtained at 
one, two, three, and four minutes after onset of injection (3 mm collimation, 420 mgl per kg, 300 mgl per ml administered at 2 ml per sec). 49 Although final results have 
not yet been published, an abstract of this study reports 98% sensitivity, 58% specificity, and 77% accuracy in diagnosing malignancy, using a threshold of 15 HU. 
Prevalence of malignancy in this patient group was 48% (171 of 356 nodules). Given the high sensitivity found by these studies, it is somewhat surprising that this has 
not become a standard tool in the workup of SPNs. A recent study demonstrated overlap in enhancement of malignant lesions and benign, active inflammatory 
lesions,50 which may explain the low specificity and the current minor role of this technique.

Spiral (helical) CT is a new modality with greater ability to depict three-dimensional anatomy than conventional CT. Spiral CT surface evaluation of vascular 
involvement by SPNs was carried out in 29 patients with noncalcified SPNs of less than 3 cm in size. 36 Eighteen SPNs were malignant (nine bronchogenic carcinoma, 
nine metastatic) and eleven were benign (six granulomas, two hamartomas, one mixed granuloma, one arteriovenous malformation, one inflammatory infiltrate). 
Venous involvement was present in all 18 malignant SPNs, but also in four of 11 benign SPNs. Arterial involvement was seen in all nine bronchogenic carcinomas, in 
five of nine metastatic lesions, and in two of 11 benign SPNs. Thus vascular involvement does not distinguish between benign and malignant SPNs.

Magnetic resonance imaging findings in two patients with tuberculomas were potentially helpful in one study. 33 Imaging after injection of gadolinium-DTPA revealed 
thin rim enhancement with a low-intensity center. There was no similar appearance in a retrospective review of 20 bronchogenic carcinomas. Interestingly, the MR 
appearance of tuberculomas is strikingly similar to the CT appearance of tuberculous mediastinal lymph nodes after injection of intravenous contrast material. 51 
Another study of 28 patients with SPNs has suggested that signal intensity measurements of nodules on dynamic contrast-enhanced MR studies may provide 
information about the nature of the nodules. 52

There have been several interesting nuclear medicine approaches to the SPN using SPECT and positron emission tomography (PET). PET has shown significant 
promise in several studies due to its reliance on the metabolic behavior of the nodule rather than its morphology; these studies are described in the nuclear medicine 
section later in this chapter.

STAGING OF LUNG CANCER

Preoperative tumor staging in patients with non–small cell lung cancer (NSCLC) is important in order to identify those patients with localized disease who are likely to 
benefit from surgical resection. The TNM staging system, revised in 1997, is the most widely accepted and used classification system for pre- and postoperative 
staging.53,54 In the TNM staging classification, T1 tumors are 3 cm or less in diameter, are surrounded by lung or visceral pleura, and are without bronchoscopic 
evidence of invasion more proximal than the lobar bronchus. T2 tumors show one or more of the following features: larger than 3 cm; involvement of a mainstem 
bronchus of 2 cm or more distal to the carina; invasion of visceral pleura; atelectasis extending to the hilum, without involvement of the entire lung. T3 tumors show 
invasion of the chest wall, diaphragm, pericardium, mediastinal pleura, or mainstem bronchus (less than 2 cm distal to the carina), or have atelectasis of an entire 
lung. T4 cancers invade the mediastinum, heart, great vessels, trachea, esophagus, or vertebral body, have an associated malignant pleural effusion, have satellite 
nodule(s) within the ipsilateral primary-tumor lobe of the lung. Metastatic spread to lymph nodes is classified as N1 for peribronchial or ipsilateral hilar nodes and for 
intrapulmonary nodes involved by direct extension of the primary tumor. Metastatic disease to ipsilateral mediastinal or subcarinal nodes falls into the N2 category, 
and into the N3 category for involvement of contralateral mediastinal or hilar nodes, and ipsilateral or contralateral scalene or supraclavicular lymph nodes.

Stage I tumors have no lymph node metastases. Stage II tumors either have no lymph node metastases or spread is confined to hilar lymph nodes. Stage IIIA includes 
tumors with spread to ipsilateral mediastinal or subcarinal nodes, whereas stage IIIB includes tumors with involvement of contralateral mediastinal or hilar nodes, and 
ipsilateral or contralateral scalene or supraclavicular lymph nodes. Tumors with distant metastases are classified as stage IV.

COMPUTED TOMOGRAPHY (CT)

Evaluation of the Primary Tumor

Pleural Invasion

A pleural effusion in a patient with lung cancer may be malignant, caused by pleural metastases, or it may be benign, particularly in a patient with postobstructive 
pneumonia. The hallmark for a malignant effusion is soft-tissue nodularity along the pleural surfaces, accompanying the effusion, although this finding is not always 
present. It has been reported that pleural nodularity and/or fissural thickening are indicative of pleural metastases, even in the absence of pleural effusion. 55 Pleural 
tumor dissemination is classified as T4 disease and is generally considered unresectable.

Chest Wall Invasion

CT has shown somewhat disparate results in assessing for chest wall invasion by tumor, with sensitivity ranging from 38% to 87% and specificity from 40% to 
90%.56,57,58,59,60,61 and 62 Signs of invasion may include bone destruction with mass extending into the chest wall, pleural thickening, loss of the extrapleural fat plane, 
obtuse angle between mass and chest wall, and greater than 3 cm of contact between mass and chest wall (Figure 30.2, Figure 30.3, Figure 30.4). In a series of 112 
patients with cancers adjacent to the pleural surface, Ratto and colleagues 59 found that CT was 83% sensitive and 80% specific for chest wall invasion using a cutoff 
of 0.9 for the ratio between the length of tumor-pleura contact and tumor diameter. They also found that obliteration of the extrapleural fat plane was 85% sensitive 
and 87% specific for invasion. However, they noted that the extrapleural fat plane was not always visible, particularly when the tumor contacted the ribs; on the other 
hand, this plane was usually visible when the tumor contacted the pleural surface in between the ribs. Length of tumor-pleura contact, angle between the tumor and 
the pleura, presence of soft tissue mass involving the chest wall, and rib destruction were less accurate indicators of chest wall invasion in this series. Pennes and 
associates58 noted that in their series of 33 patients with peripheral pulmonary malignancies, five patients showed encroachment on or increased density of the 
extrapleural fat; however, only three of these five had chest wall or pleural invasion at surgery. In the other two patients, lymphoid aggregates were present in the 
extrapleural fat, suggesting that nonspecific inflammatory processes involving the pleura may extend into the adjacent extrapleural soft tissues. Pleural thickening was 
a very sensitive (100%) indicator of chest wall invasion in this study, although very poor specificity (44%) led to poor accuracy (58%). In the 20 patients with 
peripheral lung malignancies studied by Pearlberg and co-workers 62, definite bone destruction at CT showed 100% positive predictive value (11 of 11). Tumor 
extension around ribs into fat or muscle of the chest wall had a positive predictive value of 33% (three of nine). In each of these six false-positive cases, fibrous, 
inflammatory, and/or hemorrhagic changes were shown in the adjacent pleural or extrapleural tissues, but no tumor extension was seen.

FIGURE 30.2. A: CT shows right upper lobe mass encasing and destroying a rib. B: T2-weighted MR image reveals high-signal-intensity material within the anterior 
chest wall (arrowheads) indicative of tumor invasion.



FIGURE 30.3. Peripheral right lung mass is indeterminate for chest wall invasion at CT. Surgical specimen showed no pleural invasion.

FIGURE 30.4. False-negative CT for spine invasion and mediastinal lymph node metastases ( arrows point to normal-sized mediastinal nodes).

Some investigators have employed artificial (that is, induced) pneumothorax in order to increase the accuracy of CT in diagnosing chest wall and mediastinal pleural 
invasion (Figure 30.5). For example, Watanabe and colleagues 63 found 100% sensitivity, 80% specificity and 88% accuracy for CT using this technique in 12 patients. 
In one patient with no separation between the tumor and the mediastinal pleura, only adhesions were found at surgery, with no mediastinal tumor invasion. In a 
different study of 43 patients with equivocal chest wall invasion on routine CT, artificial pneumothorax yielded 100% accuracy for diagnosing chest wall invasion and 
76% accuracy for mediastinal invasion. 64 These authors noted difficulty when the tumor was near the root of the pulmonary arteries and veins, because it was 
occasionally hard to introduce air into this region of the pleural space.

FIGURE 30.5. Prebiopsy CT images show left upper lobe mass touching left subclavian artery (s) ( A) and mediastinal pleura (B), suggestive of invasion of these 
structures. Postbiopsy CT images reveal a left pneumothorax (P) with separation of the mass from the left subclavian artery (s) ( C), proving lack of invasion of the 
artery. However, the mass remains adherent to the mediastinal pleura ( arrows) (D). At surgery there was no mediastinal invasion. (From Quint L, Francis I. Radiologic 
staging of lung cancer. J Thorac Imaging 1999:14;235, with permission.)

Other techniques for diagnosing chest wall invasion rely on the absence of relative movement between the chest wall and the adjacent tumor during respiration. 
Investigators have used inspiratory/expiratory CT, ultrasonography, and cine-MR during deep breathing to evaluate this feature, with moderately successful 
results.65,66 and 67

In summary, these studies suggest that the best and the only reliable criterion for diagnosing chest wall invasion with routine CT is definite bone destruction, with or 
without tumor mass extending into the chest wall. Thin sections (3 to 5 mm) and bone window photography are often helpful in making this assessment. It should be 
noted that chest wall invasion does not preclude surgical resection, because the surgeon can perform en bloc resection and chest wall reconstruction. However, this 
procedure is associated with increased operative morbidity and mortality. In addition, patients with known mediastinal nodal metastases and chest wall invasion are 
felt to have a very poor prognosis (7% reported five-year survival following surgical resection), and surgery is usually not advocated in these patients. 68,69 Superior 
sulcus tumors invading extrapleurally are usually treated with radiation therapy followed by surgical resection.

Mediastinal Invasion

Although invasion of the mediastinum falls into the T4 category in the TNM staging classification, minimal invasion of fat only (without invasion of vascular or other 
structures) is generally considered resectable by many surgeons. Therefore it is not usually necessary preoperatively to diagnose mediastinal fat invasion. On the 
other hand, a reliable diagnosis of invasion of mediastinal vessels, trachea, esophagus, and/or vertebral body would preclude surgical resection. Several studies have 
investigated the usefulness of CT in detecting mediastinal invasion and in predicting resectability of the primary tumor. 56,60,70,71,72,73,74,75,76 and 77 Accuracy for 
distinguishing between T0–2 and T3–4 tumors has been reported to be 56% to 89%. 74,75,76 and 77 However, this information is not particularly helpful, because the 
clinically important distinction is between resectable (T3) and unresectable (T4) cancers.

In one retrospective study of 80 patients with an indeterminate CT for mediastinal invasion (that is, mass contiguous with the mediastinum but without definite 
infiltration into the mediastinal fat or extension around the central vessels or mainstem bronchi), the authors were able to identify a large group of masses that were 
likely to be technically resectable using one or more of the following criteria: contact of 3 cm or less with mediastinum, less than 90 degrees of contact with aorta, and 
mediastinal fat between the mass and mediastinal structure. 70 Thirty-six of 37 masses in this category were resectable; 28 of 36 masses had no mediastinal invasion, 
and eight of 36 had focal limited invasion. However, more than 3 cm contact with mediastinum, more than 90 degrees of contact with aorta, obliteration of the fat plane 
between the mass and mediastinal structures, presence of mass effect on adjacent mediastinal structures, and pleural or pericardial thickening were not reliable signs 
of either invasion or unresectability. Kameda and colleagues 72 studied 52 patients with lung cancer, including 21 with central tumors. CT was 100% sensitive although 
not specific (60% to 67%) in evaluating for superior vena cava or right pulmonary artery invasion. For the left pulmonary artery and the left atrium or pulmonary vein, 



CT had high specificity (94% to 100%) but poor sensitivity (56% to 62%). In a CT study of 108 patients, Izbicki and associates reported one false-positive case for 
aortic invasion and multiple false-negative cases for invasion of an atrium, pulmonary artery, superior vena cava, or mediastinal bronchus. 73 Choe and colleagues 
found that obliteration of the superior pulmonary vein at CT was consistent with intrapericardial extension of tumor through the pulmonary vein in ten of ten patients. 78 
On the other hand, only four of nine patients with obliteration of the inferior pulmonary vein at CT showed intrapericardial tumor extension at surgery.

In summary, CT diagnosis of mediastinal fat or mediastinal structure invasion is generally unreliable, and a patient should not be denied surgery based on unproven 
CT findings (Figure 30.6, Figure 30.7, Figure 30.8, Figure 30.9). Gross mediastinal fat invasion may be proved via mediastinoscopy or transbronchial Wang needle 
biopsy. Findings suggestive of central tracheobronchial invasion at CT are usually further evaluated using bronchoscopy. CT and bronchoscopy are complementary 
procedures: bronchoscopy is superior to CT in evaluating the mucosal surface of the airway, whereas CT is superior in visualizing tumor spread extraluminally and 
occasionally within the wall of the bronchus.

FIGURE 30.6. A,B: Cavitary squamous cell carcinoma obliterates margins of left subclavian artery (s), suggesting invasion. No invasion present at surgery.

FIGURE 30.7. Lung mass invades mediastinal fat and touches left subclavian artery (s) and aortic arch (a) on axial CT ( A,B), axial MR (C), and coronal MR (D) 
images. Surgery revealed left subclavian artery invasion, although the aortic arch was intact.

FIGURE 30.8. Left lower lobe mass contacts the aorta over a large portion of its circumsference, suggesting aortic invasion. At surgery the aorta was not invaded. 
(From Quint L, Francis I. Radiologic staging of lung cancer. J Thorac Imaging 1999:14;235, with permission.)

FIGURE 30.9. A,B: Right hilar mass (M) invades into the left atrium (A) via the right superior pulmonary vein.

Prediction of Need for Lobectomy versus Pneumonectomy

Tumor invasion of central pulmonary arteries and veins, as well as tumor extension across the major fissure (anywhere on the left; above the minor fissure on the 
right), are findings that would generally require pneumonectomy for resection rather than lobectomy. In many cases, tumor involvement of a mainstem bronchus also 
necessitates pneumonectomy (Figure 30.10), although some of these tumors may be resected with lobectomy using a sleeve resection and bronchoplasty ( Figure 
30.11, Figure 30.12). The assessment of the need for lobectomy versus pneumonectomy is important in the patient with poor pulmonary function who cannot tolerate 
a pneumonectomy. Quint and colleagues79 found CT to be inaccurate in making this assessment (Figure 30.13), although thin sections (1.5 to 3.0 mm) helped in 
evaluating for tumor spread across a fissure (Figure 30.14). Preliminary work done by this group suggested that three-dimensional CT reconstructions in this setting 
may improve accuracy in evaluating central pulmonary vascular invasion. 80 Thin sections (less than or equal to 3 mm) are probably necessary to evaluate the central 
bronchi optimally. Newer CT scanners using helical or spiral scanning modes will enable acquisition of large numbers of thin sections during a single breath hold. 
These capabilities may facilitate analysis of tumor invasion into adjacent structures, particularly using sagittal, coronal, and off-axis planar reconstructed images.



FIGURE 30.10. A: Central lung mass (m) with postobstructive pneumonitis (P). B,C: Tumor (T) involves upper and lower lobe bronchi. Invasion of left main stem 
bronchus seen at bronchoscopy; pneumonectomy performed. D: Enlarged aortopulmonary window lymph nodes (arrows) were benign at histological analysis.

FIGURE 30.11. Left upper lobe carcinoma (C) with postobstructive atelectasis. Invasion of left mainstem bronchus necessitated resection via sleeve lobectomy.

FIGURE 30.12. Large right upper lobe carcinoma (C) with peripheral postobstructive atelectasis. Chest radiographs ( A,B) demonstrate right upper lobe collapse. CT 
(C,D) shows occlusion of right upper lobe bronchus and narrowing of right mainstem bronchus ( B). Right upper lobectomy performed using sleeve resection.

FIGURE 30.13. Left upper lobe cancer (C) abutting left main pulmonary artery (A). Arterial invasion present at surgery. (From Quint L, Glazer G, Orringer M. Central 
lung masses: prediction with CT of need for pneumonectomy versus lobectomy. Radiology 1987;165:735, with permission.)

FIGURE 30.14. A: 10 mm thick CT section shows right lower lobe mass in region of major fissure. B: 3 mm thick CT section shows tumor confined to the lower lobe, 
without transfissural tumor spread (arrows define fissure). Findings surgically confirmed. (From Quint L, Gross B, Glazer G. Primary and metastatic malignancy. Lung 
biology, health and disease. 46 vol. Marcel Dekker, 1990:1999, with permission.)

Differentiation between Tumor and Adjacent Atelectasis/Pneumonia

Another use for CT in evaluating local extension of the primary tumor is in distinguishing central tumor from adjacent collapsed lung. After an intravenous bolus of 
urographic contrast material, the atelectatic lung may enhance much more than the adjacent tumor, thus giving a more accurate assessment of tumor size 81 (Figure 
30.15, Figure 30.16). However, in many cases it remains difficult to distinguish tumor from adjacent postobstructive atelectasis or pneumonia ( Figure 30.17, Figure 



30.18).

FIGURE 30.15. Contrast enhanced CT reveals low-density, central left upper lobe mass ( M) with higher-density postobstructive atelectasis ( A). Enlarged subcarinal 
lymph node (arrow).

FIGURE 30.16. Patient with two separate lung cancers. A: Left upper lobe endobronchial tumor (T). B: Note high-density, branching vessels in postobstructive 
atelectasis (A). C: Additional cancer in the superior segment of the left lower lobe ( arrows).

FIGURE 30.17. Small tumor in bronchus intermedius with necrotic, postobstructive pneumonia ( P) simulating large lung tumor (E, benign pleural effusion). A: Superior 
portion of bronchus intermedius is patent ( arrowheads). B: More inferiorly, the bronchus is occluded by tumor ( arrowheads).

FIGURE 30.18. Postobstructive atelectasis simulating a peripheral cancer. A: Lingular opacity (arrows) originally interpreted as an enlarging lung nodule on serial 
chest radiographs and CT scans. B: The true cancer is a small endobronchial lesion ( arrowheads) obstructing the lingular bronchus.

CT Evaluation of Hilar and Mediastinal Lymph Nodes

Significance

Metastatic disease to hilar lymph nodes (N1 disease) adversely affects patient prognosis, although it does not generally affect resectability. Usually, involved hilar 
nodes can be easily removed from the hilar vessels at surgery. Thus, while preoperative detection of tumor spread to hilar nodes is useful, it is generally not crucial in 
directing surgical treatment planning. Moreover, the presence or absence of hilar node metastases is an unreliable indicator of mediastinal node metastases. 82,83

In the past, the presence of mediastinal node metastases has been considered a contraindication to thoracotomy, and preoperative detection of mediastinal spread of 
disease has generally precluded surgical resection. However, some investigators have found reasonable three- and five-year survival rates for patients with positive 
ipsilateral mediastinal nodes, and many surgeons now feel that certain groups of patients with limited N2 disease may be surgical candidates. 84,85 and 86 Naruke and 
colleagues87 found significantly increased five-year survival in patients with N2 disease (14%) as compared to patients with N3 disease (0%) following pulmonary 
resection in 1,479 patients with no distant metastatic disease. It has been suggested that resection may be worthwhile in patients with ipsilateral mediastinal nodal 
disease as long as the nodes are not in the high paratracheal region, are not numerous or bulky, and can be completely resected. 88,89 Some groups have advocated 
surgical resection in conjunction with postoperative radiation therapy in patients with mediastinal metastases. 82,90,91 Other investigators have suggested that patients 
with N2 or N3 disease may benefit from chemotherapy or combined chemotherapy and radiation, either alone or prior to surgical resection. 92,93,94,95,96 and 97

CT Criteria for Detection of Lymph Node Metastases



Given the importance of preoperative nodal staging for treatment planning, a noninvasive imaging modality such as CT is of great potential value for assessment of 
mediastinal nodes, both ipsilateral and contralateral to the primary lung tumor. Mediastinal lymph nodes are generally identified on axial CT images as nonenhancing, 
oval, soft tissue densities surrounded by mediastinal fat. Nodal size can be estimated by measuring the short and long-axis diameters of a node as seen on the axial 
images. Glazer and colleagues98 stated that the short-axis diameter is a more accurate predictor of nodal size than the long-axis diameter, because long-axis 
measurements are more dependent on the spatial orientation of the node. The long-axis diameter is accurate on transverse CT images only when the longest axis of 
the ovoid, three-dimensional lymph node is oriented in the plane of section that is, the transverse plane. If the lymph node is vertically oriented, the long-axis diameter 
on CT has no relation to the true long-axis measurement of the lymph node. Short-axis diameters are also affected by nodal orientation, although to a lesser extent. In 
a CT/autopsy correlation study, Quint and co-workers 99 found that the short-axis diameter of the nodes at CT was the best predictor of actual nodal volume.

CT criteria for lymph node malignancy theoretically include morphological features such as nodal density and margination, as well as nodal size. In practice, however, 
most of these features are not helpful, and increased nodal size is the only useful criterion for malignancy ( Figure 30.19). One exception to this rule is the occasional 
finding of central nodal low density, suggesting necrosis ( Figure 30.20); this is a good indicator for malignant nodal disease. Rarely the central low density will show 
the attenuation of fat, and this finding is reliable for benignancy ( Figure 30.21). In addition, a recent study has suggested that rounding of the contour of a hilar lymph 
node, where it meets the lung margin, is indicative of metastatic disease. 100

FIGURE 30.19. Mildly enlarged right paratracheal lymph node ( arrow) containing proven metastasis.

FIGURE 30.20. Mildly enlarged tumor containing right paratracheal lymph nodes, one showing central necrosis ( arrow).

FIGURE 30.21. Central fat density within an enlarged mediastinal lymph node ( arrow) is reliable for benignancy.

Several groups have investigated the normal size limits for mediastinal lymph nodes, studying normal patients and those with lung cancer. Genereux and Howie 101 
studied CT scans of normal patients and compared their findings with dissection of 12 cadaver mediastina. The largest mediastinal nodes at CT were in the 
precarinal/subcarinal and aortopulmonary regions, and at autopsy, the largest nodes were in the pretracheal and precarinal/subcarinal regions. These authors 
measured long-axis lymph node diameters at CT and found that 95% were less than 11 mm. In another CT study by Schnyder and Gamsu, 102 the mean diameter of 
normal lymph nodes in the pretracheal, retrocaval space was 5.5 mm plus or minus 2.8 SD (short versus long axis not specified), with 91% (116 of 127) being less 
than or equal to 1 cm. A CT/autopsy study in five cadavers by Quint and colleagues 99 showed excellent correlation for the number of nodes in right-sided mediastinal 
regions, with poorer correlation in left-sided regions. Mean short-axis nodal diameters at CT ranged from 3.2 to 7.3 mm, depending on exact nodal location. Kiyono 
and colleagues103 dissected 40 cadaver mediastina from patients without chest malignancy or infection, and recorded the number, size (short and long axes in the 
transverse plane), and ATS location of each lymph node identified. Based on their findings, these authors proposed standards for maximum short axis diameters as 
follows: 12 mm for ATS region 7 (subcarinal), 10 mm for ATS regions 4 (right lower paratracheal) and 10R (right tracheobronchial angle), and 8 mm for other regions. 
They found that maximum long-axis diameters showed a wider variation.

Glazer et al.98 examined normal mediastinal lymph nodes on CT scans from 56 normal patients and tabulated the number and size of lymph nodes in each anatomical 
region as specified by the American Thoracic Society (ATS) lymph node mapping scheme. In this study, 1 cm was the optimal upper limit of normal for the short axis 
of a mediastinal node at CT, with slight variations according to specific location (range 7 to 11 mm). The largest nodes were in the subcarinal and right 
tracheobronchial regions, whereas the smallest nodes were in the upper paratracheal and left peribronchial regions. A prior CT study by the same group involving 
patients with NSCLC similarly found 1 cm as the optimal size threshold for diagnosing metastatic disease in mediastinal nodes. 104 Platt and colleagues105 confirmed 
11 mm as the upper limit of normal size at CT for subcarinal lymph nodes in 46 patients with NSCLC.

In order to address the issue of lymph node size versus presence/absence of metastases, Gallardo and colleagues conducted a pathological study of lymph nodes 
resected from 67 patients with NSCLC.106 The authors correlated lymph node size (as measured on the fresh, resected nodes in the pathology department) with 
presence or absence of tumor at histological examination. Using a size threshold of 10 mm (short versus long axis not specified), 73 of 167 (44%) patients had 
enlarged mediastinal nodes and 58 of 167 (35%) had enlarged hilar nodes. Eighteen of 73 (25%) and 12 of 58 (21%) patients had neoplastic involvement of 
mediastinal and hilar nodes at pathological examination, respectively (25% mediastinal nodal PPV). The PPV for enlarged mediastinal lymph nodes in squamous cell 
carcinoma was 23% and in adenocarcinoma was 18%. These low values were reflective of the large number of false-positive cases due to enlarged, benign lymph 



nodes.

These results highlight one pitfall in using a nodal size threshold to distinguish benign from malignant lymph nodes at CT. Benign nodes may be enlarged due to 
reactive hyperplasia, anthracosis, inflammation, or infection ( Figure 30.22). Conversely, malignant nodes may be normal in size if they contain only microscopic 
metastases (Figure 30.4). Daly and associates107 reported that enlarged, benign nodes were a particular problem for central tumors with postobstructive pneumonia. 
Gross and co-workers108 addressed the issue of microscopic metastases to normal-sized nodes in a study of 39 patients with bronchogenic carcinoma. Five of 39 
(13%) patients had metastases limited to normal-sized nodes as measured at surgery and pathology; however, two of these five patients showed enlarged nodes at 
CT owing to inaccurate CT depiction of nodal size in the subcarinal region. In one patient, multiple normal-sized subcarinal nodes containing metastatic tumor were 
visualized only as a single large mass at CT. In the second patient, a 10 × 9 mm subcarinal node containing metastatic tumor measured 12 × 11 mm at CT, and was 
therefore identified as abnormal. Thus metastatic disease to normal-sized mediastinal lymph nodes was missed at CT in only three of 39 (8%) patients, and the 
authors concluded that metastatic disease to normal-sized mediastinal lymph nodes is not a major problem in CT staging of lung cancer. Similarly, Daly and 
associates107 reported that of 146 patients studied, only two of eight CT false-negative cases were attributable to microscopic metastases. On the other hand, ten of 
25 (40%) patients with mediastinal metastases in one study 88 and seven of 11 (64%) patients in another study 109 had no enlarged nodes. There is no obvious 
explanation for these discrepant results.

FIGURE 30.22. A,B: Left upper lobe cancer, postobstructive pneumonia, and bilaterally enlarged mediastinal lymph nodes ( arrowheads). Right paratracheal lymph 
nodes (sampled via mediastinoscopy) and aortopulmonary window lymph nodes (sampled via CT guided aspiration biopsy) were benign. A single left lower 
paratracheal lymph node contained metastatic disease at thoracotomy.

Regardless of the actual frequency of microscopic lymph node metastases, it has been suggested that microscopic disease may have a better prognosis than 
metastases to enlarged nodes, and thus it may not be as crucial to detect microscopic spread of tumor preoperatively. 85,110 For instance, Pearson and colleagues89 
reported that the survival rate in patients whose N2 status was established at mediastinoscopy was significantly worse than in those with a negative mediastinoscopy, 
in whom the N2 status was established at subsequent thoracotomy. Similarly, Cybulsky and co-workers found that patients with false-negative CT studies for 
mediastinal nodal metastases did better than those with true-positive CT studies (five-year survival following resection was 13.5% versus 6.6%, respectively). 111 
These differences may relate to the distinction between normal-sized nodes with microscopic metastases versus enlarged metastatic lymph nodes, because enlarged 
nodes are more likely to be detected by mediastinoscopy and called abnormal at CT. Moreover, in a study of 115 patients who had undergone resection for NSCLC, 
Ishida and colleagues found increased survival for patients with microscopic nodal metastases compared to those with moderate or gross nodal metastases. 112 These 
findings are supported by one small CT series which suggested that metastases to enlarged mediastinal nodes were more likely to have extracapsular spread of 
tumor than microscopic metastases to normal-sized nodes.108 Because extracapsular spread is thought to be a poor prognostic indicator, 113,114 microscopic 
metastases to normal-sized nodes may have a less dire prognosis than enlarged malignant nodes.

In summary, although different size threshold values for normal mediastinal lymph nodes have been suggested, the current consensus is that this figure should 
generally be approximately 1 cm in short-axis diameter.98,99,101,102,104,110,115,116,117,118 and 119 Some authors have preferred to use nodal size criteria that vary with the 
precise mediastinal nodal location, based on the studies described above. 120,121

Evaluation of Hilar Lymph Node Metastases (N1 Disease)

Conventional radiography and tomography have been used extensively in the past to evaluate patients with bronchogenic carcinoma. In one study of 47 lung cancer 
patients, the reported sensitivity of conventional radiography for hilar disease was 53%, with specificity of 84% and accuracy of 71%. 118 In a subsequent study of 84 
patients with suspected intrathoracic neoplasm, sensitivity and accuracy were 64% and specificity was 65%. 122 Conventional tomography has been only slightly better. 
Reported sensitivities have ranged from 47% to 85%, specificities from 60% to 80%, and accuracies from 74% to 80% in three studies. 118,122,123 Accuracy was not 
reported and could not be calculated in one additional series, 124 but must have fallen between 47% and 72%.

The accuracy of CT in detecting hilar lymph node metastases is unclear. Three lung cancer studies reported low sensitivity (45% to 63%) and positive predictive value 
(38% to 68%) and moderately high negative predictive value (79% to 85%). 73,125,126 Two of these studies showed high specificity (92% to 93%), whereas the other 
reported only 58% specificity. Accuracies ranged from 59% to 82%. One older report was more sanguine, with 90% accuracy, 88% positive predictive value, and 
100% negative predictive value. 8

Evaluation of Mediastinal Lymph Node Metastases (N2/N3 Disease)

The accuracy of conventional radiography and tomography in diagnosing mediastinal lymph node metastases has generally been quite low due to poor sensitivity (6% 
to 81% sensitivity for conventional radiographs and 20% to 73% for tomography). 75,107,110,117,118,124,127,128,129,130 and 131 Disparate results have been reported regarding the 
accuracy of CT in this setting ( Table 30.1). Many studies have found fairly high sensitivity for CT (>85%) 8,61,76,104,116,118,120,124,131,132,133 and 134 and high negative predictive 
value (>85%)8,120,121,126,132,133,135,136 and 137 (Table 30.1). Others have found high specificty (>85%).73,107,119,120 and 121,128,132,133,136,137,138,139,140 and 141 On the other hand, other 
recent studies have shown low accuracy, resulting from both poor sensitivity and poor specificity. 56,74,125 Low sensitivity in some studies was attributed to the high 
frequency of microscopic metastases within normal-sized nodes. 73 Low specificity arose from the frequent occurrence of enlarged, hyperplastic nodes, particularly in 
patients with postobstructive pneumonitis.125 Dales and colleagues142 performed a metaanalysis of CT accuracy in staging mediastinal lymph nodes in NSCLC using 
data from studies published between 1980 and 1988. Pooled data revealed accuracy, sensitivity, and specificity figures that were approximately 80% each. They 
found no significant differences between the results from studies performed using fourth-generation versus third/second-generation CT scanners. Moreover, there is 
no data to suggest that the new helical/spiral scanners will improve CT accuracy in this setting.



TABLE 30.1. CT STAGING OF MEDIASTINAL LYMPH NODE METASTASES IN PATIENTS WITH KNOWN OR SUSPECTED LUNG CANCER

Results within some of the individual studies quoted above varied according to the size and morphologic criteria used for diagnosing metastatic disease to mediastinal 
lymph nodes. For example, Seely and associates136 found that sensitivity increased and specificity decreased if long-axis diameter measurements were used instead 
of short-axis measurements or if adjacent nodal stations were considered together instead of considering each nodal station alone. Buy and co-workers 120 found 
maximal sensitivity when individual size thresholds were used for each individual nodal station, rather than using a uniform 10 mm size cutoff. In contrast, the data of 
Ikezoe and collegues showed slightly better sensitivity, albeit significantly worse specificity and accuracy, using a uniform 10 mm threshold rather than two separate 
criteria (13 mm for nodes in the subcarinal, precarinal, and tracheobronchial regions and 10 mm for nodes in other regions). 121 Specificity in the study of Buy and 
co-workers120 was maximized when the criterion for nodal abnormality was defined as follows: the short axis of the largest mediastinal node in the lymphatic drainage 
territory of the cancer was greater than or equal to 10 mm and the difference between this node and the largest node in the other territories was greater than 5 mm. 
According to the investigation of Ratto and colleagues, 133 specificity increased dramatically if nodes 10 to 15 mm in short-axis diameter were considered indeterminate 
and excluded from analysis. However, 36% (44 of 123) of patients fell into this category, limiting the usefulness of this criterion. These authors also found increased 
specificity if the criterion for abnormal nodes was modified to include nodes 10 to 20 mm in short axis diameter with central necrosis and/or a discontinuous capsule.

In some studies, CT accuracy also appeared to depend on the precise anatomic location within the mediastinum being analyzed. In the study of McLoud and 
colleagues,125 sensitivity of CT using a single size criterion (10 mm short-axis diameter) varied for individual nodal stations, ranging from 17% to 83%. Highest 
sensitivity was found in ATS regions 4R and 5, and lowest in 7, 4L, 10R, 10L. Specificity ranged from 72% to 94%, being highest in 10L and lowest in 10R. Platt and 
associates compared staging of right and left lung tumors. 115 Although prior reports have shown that CT is more accurate in evaluating right-sided mediastinal lymph 
nodes,99,143 Platt and colleagues found no statistically significant difference in staging accuracy between left and right lung cancers. 115 This is probably due to 
involvement of subcarinal and contralateral mediastinal lymph nodes, which are present more often in left lung cancers as compared to right-sided lesions. 144

There were also some reported differences when the data were broken down according to cell type of the tumor. Ikezoe and colleagues 121 found that sensitivity for 
cases of adenocarcinoma (61%) was lower than that for squamous cell carcinoma (86%), but specificity for these two groups was almost the same (93% to 94%). 
There was an increased number of false-negative cases for adenocarcinomas, as compared to squamous cell carcinomas in both this study and two others; 73,111 the 
authors postulated that this probably indicated a higher frequency of microscopic metastases in adenocarcinomas. On the other hand, Ratto and colleagues 133 
reported no difference in staging accuracy between squamous cell carcinoma and adenocarcinoma.

When calculated on a nodal station-by-station basis, results in some studies varied according to whether or not adjacent nodal stations were included in the analysis. 
For instance, inclusion of adjacent nodal stations led to an increase in sensitivity and a decrease in specificity in one investigation. 136 However, it is important to note 
that the clinical usefulness of a staging modality does not depend upon accurate detection of disease in any individual node or nodal group, but rather upon accurate 
detection of mediastinal nodal malignancy in the individual patient, either ipsilateral or contralateral to the neoplasm. Moreover, several authors have reported 
increased sensitivity in mediastinal lymph node evaluation when calculated on a patient-by-patient basis rather than on a nodal station-by-station basis. 108,125,136

There are many possible reasons for the different reported CT accuracies among studies in detecting mediastinal metastases. Differences in patient populations and 
prevalence of mediastinal nodal disease would affect CT accuracy. Some investigations included all patients with known or suspected lung cancer, and some 
included only those with biopsy proven cancer. Others focused on clinical T1NOMO cancers, that is, small lesions surrounded by lung parenchyma, with no 
conventional radiographic signs of mediastinal disease. Seely and colleagues 136 found higher specificity in their study of T1 cancers as compared to historical controls 
for all cancers. They postulated that this was partly due to lack of obstructive pneumonitis with resultant enlarged, hyperplastic nodes.

In addition, there were substantial variations in scanning techniques. Some studies used older CT scanners (second-generation) with long scan times (18 to 20 
seconds), resulting in image blur from biologic motion; studies done on third- and fourth-generation scanners did not have this problem. CT examinations were 
performed using different section thicknesses, section spacing, and methods of administration of intravenous urographic contrast material. Gaps between 
slices139,140,145 and motion artifact from long scan times117,138,139 and 140 probably contributed to insensitive detection of enlarged lymph nodes. There were no uniform 
criteria for interpreting the scans, and definitions of nodal enlargement ranged from “any visible node” to 2 cm diameter, with or without morphological nodal changes. 
Some investigators interpreted their results on a patient-by-patient basis, some on a nodal station-by-station basis, and some on a nodal station-by-station basis 
including adjacent nodal stations. It can be quite difficult at CT and surgery to precisely determine the boundaries between one nodal station and an adjacent one, 
and some studies, including the recent, large study of McLoud and associates 125 made no allowances for this pitfall. Many studies appeared to lack precise 
radiologic/surgical/pathologic correlation, and different methods of proof were employed. This is important because certain mediastinal node groups are accessible 
only at thoracotomy and would be missed at mediastinoscopy. Moreover, it is plausible that those studies employing thorough mediastinal lymph node dissection 
rather than nodal palpation and biopsy would show decreased CT sensitivity, due to the inability to detect microscopic metastases within normal sized lymph nodes. 
However, Daly and co-workers107 were unable to substantiate this premise. They divided their patients into two surgical groups: in group I (51 cases) mediastinal 
nodes were removed only if palpably abnormal, if CT showed enlarged nodes, or if hilar nodes were grossly tumorous. In group II (97 cases) the mediastinum was 
explored in every patient and all nodes were resected. There was no statistically significant difference in CT sensitivity between these two groups (88% and 75%, 
respectively).

CT Evaluation of Distant Metastases

Several autopsy series have demonstrated an overall prevalence of distant metastases in patients with end-stage lung cancer as high as 93%. Key sites involved 
include liver (33% to 40%), adrenal (18% to 38%), brain (15% to 43%), bone (19% to 33%), kidney (16% to 23%), and abdominal lymph nodes (29%). 146,147 and 148 
Autopsy studies performed in the immediate postoperative period as well as one report of abdominal exploratory surgery prior to thoracotomy for bronchogenic 
carcinoma have shown lower prevalences of metastatic spread to individual organs (liver 7% to 14%, adrenal 1% to 9%, brain 4%, bone 1% to 5%, kidney 0% to 4%, 
abdominal lymph nodes 5% to 8%). Nonetheless, the overall prevalence of occult metastatic disease was fairly high (18% to 36%) in these pre-CT-era studies 149,150,151

 and 152. One of these studies found that extrathoracic metastases were more common among men with adenocarcinoma than among those with squamous cell 
carcinoma.149 A more recent autopsy report also found a moderately high frequency (19% of 103, = 18%) of distant metastases in patients dying in the perioperative 
period after lung cancer resection. 150

Out of 95 patients with newly diagnosed NSCLC and N0 disease at CT, one report demonstrated CT evidence of extrathoracic tumor spread in 24 of 95 (25%) 
patients. These included metastases to brain (ten), bone (eight), liver (six), adrenal (six), and soft tissue (two) (some patients had involvement at more than one 
site).153 An additional, prospective study of 146 patients with potentially resectable NSCLC (clinical T3 or less and N2 or less) 154 revealed distant metastatic disease in 
30 of 146 (30%) patients. These metastases were detected by chest or abdominal CT, brain CT, abdominal ultrasonography, and/or bone scan, and presumably each 
finding was proved. The lesions were distributed as follows: 13% bone, 13% brain, 12.3% liver, 7.5% adrenal, 1.4% kidney, and 1.4% subdiaphragmatic nodules (in 
17 patients the metastases were “multiorganic”). The authors indicated that patients with nonsquamous cell carcinomas (adenocarcinoma or large cell carcinoma) 
were at significantly greater risk for metastases outside the thorax than those with squamous cell cancer (p = less than 0.5). No relationship was detected between the 
TN stage and the existence of metastases in adenocarcinoma and large cell adenocarcinoma. There was, however, an association between advanced N stage (IIIa) 
and presence of extrathoracic metastases for squamous cell cancers. None of the stage I intrathoracic squamous cell cancers had metastases. Many patients with 
metastases to brain, bone, liver, and adrenal were asymptomatic. Thus these authors advocated the routine performance of preoperative upper abdominal CT and/or 
ultrasonography in all patients except those with asymptomatic stage I squamous cell cancers. Brain CTs were suggested for all patients with adenocarcinoma and 
large cell carcinoma, as well as for those with squamous cell cancer and neurologic symptoms. Bone scanning was suggested only in those patients with clinical and 
laboratory indications of possible bone involvement by metastatic disease.

A recent study by Quint and colleagues found 21% overall prevalence of distant metastases in 348 patients with newly diagnosed NSCLC. 155 In 56% of patients with 
distant metastases, the lesions were detected using chest or abdominal CT. Brain, bone, liver, and adrenal glands were the most common sites of disease, in 
decreasing order. Brain metastases often occurred as an isolated finding. On the other hand, isolated liver metastases were uncommon, and therefore the incremental 
yield of abdominal CT over chest CT was quite small. Thus these authors concluded that abdominal CT does not appear to be an effective method of screening for 



metastases if chest CT has been performed.

Despite the high prevalence of adrenal metastases from bronchogenic carcinoma, approximately two thirds of adrenal masses in patients with NSCLC actually 
represent adenomas, rather than metastases.156 Adrenal adenomas are found in about 3% to 9% of autopsies on adults, 157,158 and approximately 1% of patients 
undergoing abdominal CT have benign incidental adrenal masses larger than 1 cm. 159 In a recent study of 546 patients with lung cancer, 22 of 546 (4%) patients had 
one or more adrenal masses on preoperative CT.160 Seventeen of 22 had proof of adrenal status via either biopsy or follow-up. Five of these 17 were malignant (29%) 
and 12 of 17 were benign (71%). These authors reported that adenomas were well defined and low in attenuation and showed a smooth, high attenuation rim and 
involvement of only part of gland. Features of metastases included a low attenuation, large (over 5 cm) mass without a rim and irregular, mixed attenuation. 160 
Unfortunately, there is significant overlap in the appearance of adrenal metastases and benign adenomas on routine, contrast-enhanced CT. Therefore detection of 
an adrenal mass on such a study requires further workup. Considerable work has recently been done using noncontrast CT delayed enhanced CT, and MR in 
evaluating adrenal masses 161,162,163,164 and 165 (Figure 30.23, Figure 30.24). Using these techniques, it is often possible definitively to diagnose benign adrenal cortical 
adenomas without biopsy. If these imaging studies suggest the presence of a metastasis, biopsy proof is generally required before altering therapy.

FIGURE 30.23. A: Benign adrenal cortical adenoma (arrow) showing typical density and enhancement characteristics at CT. Right adrenal nodule shows low density 
(14 HU) on a precontrast image. B: The nodule enhances significantly (65 HU) during administration of intravenous contrast. C: There is substantial washout on a 
15-minute delayed image (29 HU).

FIGURE 30.24. A: Adrenal metastasis (arrow) showing typical density and enhancement characteristics at CT. Right adrenal nodule shows soft tissue density (25 HU) 
on a precontrast image. B: The nodule enhances significantly (54 HU) during administration of intravenous contrast. C: There is little washout on a 15-minute delayed 
image (53 HU).

Usefulness of CT in Clinical T1N0M0 Patients

There is substantial controversy over the usefulness of CT in the preoperative evaluation of patients with radiographic T1N0M0 cancers. Reports in the surgical and 
radiologic literature give varying figures for the prevalence of proven mediastinal lymph node or distant metastases in this set of patients, ranging from 3% to 
33%.104,127,166,167,168,169,170,171 and 172 The lower prevalences may be underestimations, reflecting incomplete mediastinal nodal sampling and/or lack of good-quality 
preoperative abdominal CT scanning. Because distant metastases remain a contraindication to thoracotomy, and known mediastinal metastases will alter treatment at 
many institutions, CT is potentially useful by detecting such occult disease. In the series of Parker and associates 167 CT evidence for unresectable spread of disease 
was obtained in 12 of 36 patients with radiographic T1N0M0 disease, including metastases to the liver (four patients), the adrenal (one patient), an axillary lymph 
node (one patient), and mediastinal lymph nodes (eight patients). Conces and colleagues 172 reported CT signs of inoperability in 7 of 26 radiographic T1N0M0 cases 
with surgical correlation (27%). Metastatic disease was confirmed in four of these seven cases, including mediastinal metastases in three (3 of 26, 12% prevalence) 
and one contralateral lung malignancy. Of 31 radiographic T1N0M0 patients reported by Heavey and co-workers, 171 eight (26%) had proven spread of disease, 
including six patients with malignant mediastinal lymph nodes (19% prevalence), one with an adrenal metastasis, and one patient with a metastasis to the 
contralateral lung. CT detected five of these eight cases, thus preventing thoracotomy in five of 31 (16%) patients. As noted by Heavey and co-workers, 171 preventing 
thoracotomy in only 16% of patients resulted in significant overall cost savings, even when the cost of CT scans and prethoracotomy biopsies is taken into account. 
Thus these studies suggest that CT is highly useful in the preoperative workup of such patients.

On the other hand, another study of radiographic T1N0M0 tumors by Pearlberg and colleagues 170 found only two of 23 (8.7%) patients with proven mediastinal 
metastases; however, these patients did not undergo total mediastinal nodal sampling, and thus the true prevalence may have been somewhat higher. CT findings 
averted thoracotomy in only one patient, due to mediastinal adenopathy subsequently proven at mediastinotomy to contain metastatic disease. Becker et al. 168 in a 
prospective investigation of thirty-eight patients with presumed lung cancer (radiographic T1N0M0), found proven mediastinal nodal metastases in only one patient. 
Eleven of thirty-eight lesions turned out to be benign. Thus, preliminary data indicate that CT may be helpful and cost-effective in the preoperative assessment of 
patients with radiographic T1N0M0 lesions when the diagnosis of lung cancer has been proven.

Predicting Resectability with CT

Prediction of resectability depends upon accurate detection of T4, N3, and/or M1 tumors. One prospective study of 96 patients with lung cancer and preoperative CT 
found a 12% prevalence of unresectability. 173 CT criteria for unresectability included encasement of the proximal pulmonary arteries or carina, or gross mediastinal 
involvement by tumor, or widespread lymphadenopathy or distant metastases. Using these criteria, CT was 96% accurate and showed 97% positive predictive value 
and 50% negative predictive value for resectability. Therefore CT was useful in the preoperative setting in this patient group. 173

Current Usefulness of CT

In 1986, Epstein and associates surveyed 533 thoracic surgeons to see how CT has affected the preoperative evaluation of bronchogenic carcinoma in their 
practices.174 Thirty-six percent of surgeons routinely requested CT and 62% requested CT selectively, depending on tumor size, location, and presence/absence of 
mediastinal abnormality on chest radiographs. Seventy-eight percent of surgeons used the CT information to direct nodal sampling at mediastinoscopy or 
mediastinotomy. However, nearly all (99%) would not accept enlarged mediastinal lymph nodes at CT as proof of unresectability. CT was used mainly to assess 
lymph node size, and secondarily to assess technical feasibility of tumor resection. Fifty-seven percent said a normal CT should eliminate prethoracotomy 
mediastinoscopy/mediastinotomy. Most surgeons still adhere to these premises, although it is now extremely rare for a patient to have lung cancer surgery without a 
preoperative CT.



It is important for the radiologist to know what treatment options are available at his or her particular institution and what features of the tumor or its spread would 
affect treatment decisions. At many institutions, proven T4, N3, or M1 disease is considered unresectable. Patients with N2 disease may be treated with preoperative 
chemotherapy and radiation therapy. CT findings are used to help define the extent of the primary mass, look for calcifications that might indicate benignancy, 
determine its relationships with nearby structures, assess for resectability, and suggest the type of surgery required for resection. If enlarged mediastinal lymph nodes 
are detected, CT may be used to direct preoperative lymph node sampling via transbronchoscopic Wang needle biopsy, mediastinoscopy, or mediastinotomy. Nodes 
accessible to transbronchoscopic Wang needle biopsy include the paratracheal, tracheobronchial, and subcarinal groups. Transbronchial Wang needle biopsy may 
be facilitated by ultrasound guidance. Nodes accessible to mediastinoscopy include pretracheal, anterior subcarinal, and anterior tracheobronchial groups. Lymph 
nodes in the aortopulmonary window are not accessible using these techniques, and tissue sampling requires other approaches such as thoracoscopy or anterior 
thoracotomy. As an alternative to surgical staging procedures, some groups advocate the use of CT-guided hilar and mediastinal lymph node biopsies, 174,175,176 and 177 
although this is not common practice unless the nodal masses are large ( Figure 30.22).

In summary, at many institutions, preoperative chest CT (including the adrenal glands) is routinely performed on all patients suspected of having NSCLC. Abdominal 
CT is not generally necessary, given the low frequency of isolated liver metastases. Intravenous contrast material is administered in order to help distinguish vessels 
from lymph nodes and to aid in evaluation of primary tumor extent.

Many CT studies have reported high negative predictive values in detecting metastatic disease to mediastinal lymph nodes. In addition, Daly and co-workers reported 
that overall projected two-year and five-year survival rates for 37 CT false-negative patients in their series were 40% and 28%, respectively. 135 Given this information, 
many investigators believe that a negative CT obviates the need for mediastinoscopy, and these patients should go directly to thoracotomy. 110,126,135 An exception may 
be made for patients with T3 tumors or central adenocarcinomas, due to the high incidence of positive mediastinal lymph nodes and low negative predictive value of 
CT in this setting.135 In addition, patients with suspected chest wall invasion, including Pancoast tumors, should probably have mediastinoscopy regardless of CT 
findings, because mediastinal nodal metastases and chest wall invasion portend a poor prognosis, and these patients are not usually felt to be surgical 
candidates.68,69 In a dissenting opinion, Pearson and colleagues recommended mediastinoscopy for all T2 and T3 tumors and for T1 adenocarcinomas and large cell 
carcinomas, even in the setting of a negative CT. 179 On the other hand, all patients with abnormal mediastinal lymph nodes at CT need lymph node biopsy; therapy 
should not be planned based upon unproven, positive CT findings.

MAGNETIC RESONANCE IMAGING

Magnetic resonance imaging (MRI) has been used by several investigators in the assessment of patients with lung cancer, although mainly as a problem-solving tool. 
Advantages of MRI over CT include superior contrast resolution, the ability directly to image in any desired plane, and the ability directly to image vascular structures 
without the use of intravascular contrast material. However, MRI has poorer spatial resolution, and calcifications are difficult to image. MRI quality suffers due to 
motion artifacts (mainly from cardiac and respiratory motion), as well as vascular pulsation and bulk patient motion. (Many of these artifacts, however, have been 
overcome by the recently introduced breath-hold techniques.) In addition, the relatively low signal from the air-containing lung parenchyma (on spin-echo MR images) 
hinders the evaluation of parenchymal abnormalities. Thus the role of MRI in the detection and staging of bronchogenic carcinoma has been limited. However, MRI 
maybe useful in certain circumstances for the staging of bronchogenic carcinoma. 180,181,182,183,184,185 and 186

Primary Tumor

Differentiation between Tumor and Adjacent Atelectasis or Pneumonia

In central tumors associated with peripheral atelectasis or pneumonia due to endobronchial extension of tumor, MRI may be useful to differentiate between tumor and 
the associated parenchymal changes (Figure 30.25). Postobstructive pneumonitis appears as areas of high signal intensity on T2-weighted images due to the high 
water content, in contrast to the lower signal intensity of central tumors. This differentiation is possible in about 40% of cases. 81,187,188 However, if the patient develops 
organizing fibrous pneumonitis, the separation between tumor and atelectasis is not as readily performed, as areas of organizing pneumonitis may also have low 
signal intensity and thus resemble the central tumors. 189,190 Kono and colleagues used gadolinium-enhanced imaging to distinguish between central tumors and 
postobstructive atelectasis: accuracy improved from 77% on the spin-echo T2-weighted images to between 85% and 89% on the Gd-DTPA enhanced images. In 67% 
of these cases, the signal intensity of the central tumors was lower than that of the atelectasis, and in 18% it was higher. The tumors tended to show gradual 
enhancement, whereas the atelectatic areas demonstrated rapid enhancement, reaching a peak after three minutes. 191

FIGURE 30.25. Right lower lobe tumor (m) with central necrosis and peripheral atelectasis. A: T2-weighted spin-echo image demonstrates difficulty in separating 
atelectasis from tumor. B: Atelectasis is of higher signal intensity ( arrows) than tumor (m) on Gd-DTPA-enhanced T1-weighted image.

Superior Sulcus Tumors

Superior sulcus tumors can result in chest wall extension and are considered clinically as a special category of lung carcinomas. They commonly involve the brachial 
plexus, and subclavian vessels as well as the vertebral bodies. Accurate assessment of tumor extension is critical for planning therapeutic options. CT has limitations 
in assessing the vertical extent of tumor due to the axial orientation of the images, the presence of beam-hardening artifacts from the adjacent bony structures, as well 
as poor contrast resolution. Sagittal and coronal MRIs often display the anatomic relationships in the apex more clearly than axial images, and thus are better suited 
to depicting apical tumor extent192,193,194,195 and 196 (Figure 30.26). If MRI shows disruption or infiltration of the thin rim of extrapleural fat at the lung apex, tumor 
extension is to be suspected. These findings may be better depicted with the use of surface coils. Two published studies have reported on the relative merits of MRI 
as compared to CT in the evaluation of superior sulcus tumors. In a study of ten patients, seven of whom had surgical proof, MRI was accurate in depicting chest wall 
invasion in three, brachial plexus invasion in one, and subclavian artery encasement in one. In a study of superior sulcus tumors, Heelan and his colleagues 
demonstrated an accuracy rate of 94% with MRI as compared to 63% with CT for detecting tumor invasion beyond the lung apex. 197,198



FIGURE 30.26. Relationships between apical tumor (m) and adjacent vascular structures (arrow) are clearly depicted on coronal T1-weighted spin-echo MR image.

Chest Wall Invasion

Computed tomography is limited in its ability to predict chest wall invasion. Due to its superior contrast resolution, MRI is potentially capable of demonstrating subtle 
chest wall invasion and may be superior to CT in this regard. Chest wall invasion is best depicted as disruption of the normal extrapleural fat by moderate-intensity 
soft tissue on spin-echo T1-weighted images or as high-signal-intensity tissue on T2-weighted images ( Figure 30.27). The use of surface coils can provide high 
resolution images depicting these changes. However, inflammatory change and tumor extension into the chest wall may have similar appearances on MRI, making it 
difficult to distinguish between the two entities. It remains to be seen if the administration of intravascular contrast agents can help make this differentiation 
easier.181,183,185,186

FIGURE 30.27. Left upper lobe carcinoma. A: CT demonstrates asymmetric soft tissue in an intercostal space of the left lateral chest wall ( arrow), suggestive of chest 
wall invasion. B: Axial cardiac-gated T1-weighted MR image shows tumor extension (arrows) into the chest wall musculature. Chest wall invasion was confirmed via 
surgery and pathology.

In a study of 13 patients with surgical and pathological proof, Haggar and colleagues demonstrated that spin-echo MRI had a negative predictive value of 100% for 
chest wall invasion (nine of nine patients). More importantly, in nine cases in which CT was equivocal, MRI accurately resolved the issue. 199 However, in the report of 
the Radiology Diagnostic Oncology Group trial (RDOG) involving twenty-three patients with surgical and pathological proof, CT and spin-echo MRI were equivalent. 
Areas under the receiver operating curve (ROC) were 0.857 (SE 0.036) for MRI as compared to 0.868 (SE 0.033) for CT. 74

Padovani and colleagues reported their experience on the accuracy of MRI in detecting chest wall invasion in 34 patients with pathologic proof or CT evidence of 
bone destruction in areas contiguous with the tumor. Using spin-echo T1- and T2-weighted images, as well as gadolinium-enhanced T1-weighted spin-echo images, 
MRI had a sensitivity of 90% and a specificity of 86%. Contrast-enhanced and unenhanced spin-echo images showed equal sensitivity. 200

Mediastinal Invasion

Both CT and MRI depict gross mediastinal invasion by lung carcinoma, although both techniques have the same limitations in distinguishing tumor contiguity from 
tumor extension into specific mediastinal structures.70 Involvement of the cardiac chambers (although rare) and the pericardium can be easily evaluated with MRI. If 
the normal 2 to 3 mm curvilinear low-signal-intensity rim representing the pericardium is disrupted, then tumor extension into the pericardium is suspected, although 
this alone is not a contraindication to resection. 201,202

In a surgical study that compared the accuracies of CT and MRI in detecting mediastinal invasion, the two modalities showed similarly poor sensitivities (55% for CT, 
64% for MRI).75 In a more recent study from the Radiology Diagnostic Oncology Group (RDOG) trials, MRI showed slightly better accuracy than CT in diagnosing 
mediastinal invasion in a small group of patients (n = 11): areas under the ROC curves were 0.924 (SE 0.034) for MRI and 0.832 (SE 0.034) for CT. 74

Evaluation of Mediastinal Lymph Nodes

In several studies that compared CT and MRI for the detection of mediastinal nodal metastases, the two modalities have had similar results ( Figure 30.28). Because 
both studies depend on nodal size, they show low sensitivity and low specificity. 8,74,75,187,202,203 and 204 However there are some differences between CT and MRI that 
need to be addressed. Because of the poorer spatial resolution with MRI, small adjacent nodes that are discrete on CT can appear as one large, indistinct mass at 
MRI, leading to an erroneous diagnosis of nodal enlargement. 187 In addition, MRI is poor for detecting calcification, and thus enlarged benign nodes containing 
calcification may be misclassified as being malignant. On the other hand, MRI has potential advantages in evaluating the aortopulmonary window and subcarinal 
region owing to its ability to image in the coronal plane: coronal imaging helps to eliminate the partial-volume-averaging problems that occur with axial CT images.

FIGURE 30.28. Right lower lobe mass (m) and enlarged mediastinal lymph nodes (a) are equally well seen at CT ( A) and MRI (B).

CT is limited in its ability to detect normal-sized nodes containing metastases as well as in distinguishing between enlarged hyperplastic and enlarged malignant 
nodes. Early on, it was hoped that MRI could distinguish between normal or hyperplastic nodes and tumor-containing nodes based on differences on signal-intensity 
characteristics. However it later became clear that signal-intensity characteristics did not correlate with tissue type. 205,206 More recently, MRI has been performed using 
intravenous infusion of contrast agents that are taken up by the reticuloendothelial system, in order to evaluate for malignancy in lymph nodes. A study by Anzai and 
colleagues of patients with head and neck cancer found 95% sensitivity and 84% specificity for detecting malignancy in lymph nodes using MRI with dextran-coated 
ultrasmall superparamagnetic iron oxide particles. 207,208

Evaluation for Distant Metastases



Conventional contrast-enhanced CT has limitations in distinguishing between adrenal adenomas and metastases. Early reports using low- and mid-field MRI scanners 
noted that most adenomas were hypointense or isointense with the liver on T2-weighted sequences, whereas metastases were hyperintense. 209,210 On 
high-field-strength imagers, it was noted that some adenomas were of high signal intensity and thus simulated metastases. 211,212 Thus distinction between adenomas 
and metastases was not possible in some cases using spin-echo MR imaging.

Krestin and colleagues have used Gd-DTPA-enhanced breath-held gradient-recalled fast imaging to attempt to separate adenomas from malignant tumors. In this 
study, most adenomas showed early mild enhancement with quick washout, in contrast to malignant tumors, which showed early, strong, and persistent enhancement. 
However, there was misclassification in nearly 10% of patients in this study. 213

Leroy-Willig and colleagues demonstrated that adenomas contain more lipid in comparison to malignant tumors, and thus differentiation between these two groups 
was possible on MR spectroscopic imaging.214 Mitchell and colleagues were one of the first groups to use chemical-shift MRI to distinguish between adenomas and 
metastases. They were able accurately to classify adenomas and metastases in 96% of patients. On lipid-sensitive out-of-phase images, lipid-rich adenomas showed 
signal loss and appeared dark in comparison to a reference organ such as the spleen. 215 Most metastases, however, do not show this change on the out-of-phase 
images. This early work has now been corroborated by several other investigators and has an accuracy rate of more than 90% in the diagnosis of a lipid-rich 
adenoma216,217 and 218 (Figure 30.29). More recently, unenhanced CT densitometry has been used to distinguish between lipid-rich adenomas and nonadenomatous 
masses. Using a threshold of 10 HU, an accuracy of over 90% can be achieved for the diagnosis of a lipid-rich adenoma. 162,219 In cases where unenhanced CT shows 
an adrenal mass with a density measurement of more than 10 HU or MRI shows a mass which does not lose signal intensity on opposed-phase images, the mass is 
classified as non-lipid rich and needs a biopsy or resection for further evaluation.

FIGURE 30.29. MR phase imaging of adrenal masses (left images, in phase; right images, out of phase). A: Bilateral adrenal cortical adenomas ( arrows) lose signal 
and become dark on out-of-phase MR images, confirming that they contain lipid. B: In a different patient, the left adrenal metastasis (arrows) does not lose signal on 
the out-of-phase image.

NUCLEAR MEDICINE

Introduction

As is discussed elsewhere in this chapter and text, after a pulmonary nodule is identified, it must be determined whether it is of malignant or benign etiology. If 
malignant, a careful assessment of the extent of the tumor is generally performed to determine if it is likely to be fully resectable. This is done because only about 15% 
of patients with lung cancer will survive five years following surgery. Patients who die do so because the disease was not fully removed at the time of surgery. If the 
disease appears to be resectable, it is also necessary to determine whether the patient's cardiac and pulmonary function are sufficiently good to allow for survival of 
the requisite surgical procedure. After surgery, or if nonsurgical approaches to management are undertaken, assessments for recurrent disease and/or treatment 
response are generally undertaken. Nuclear medicine procedures can contribute to the aforementioned assessments. Many of the applications of nuclear medicine in 
lung cancer imaging are described in the following section. The discussion is divided by type of scan and its current and potential methods of clinical application. This 
is a relatively rapidly emerging area with several new techniques recently entering clinical practice. With US Medicare reimbursement for FDG PET imaging for the 
evaluation of both the solitary pulmonary nodule and for lung cancer staging, there has been rapidly growing use of the PET imaging method.

Ventilation/Perfusion Scintigraphy

Assessments of pulmonary perfusion/ventilation are an important part of the algorithm for determining if a patient with lung cancer will have adequate pulmonary 
function following thoracotomy. Since many patients who have lung cancer also have moderate to severe obstructive airways disease, loss of an entire lung at surgery 
may be sufficient to compromise already borderline pulmonary function to such an extent that they would become pulmonary cripples or not survive the operation due 
to the loss of lung function. While assessments of pulmonary function by spirometry are quite useful, these assessments provide an index of whole-lung function, not 
lateralizing information regarding pulmonary function.

While not fully studied in a prospective manner, a variety of studies have indicated that a minimum pulmonary function level compatible with life is about 0.8 to 1.0 
liters exhaled in 1 second (FEV1).220 Thus, after curative resection of lung cancer, this level of pulmonary function should be present to allow for satisfactory 
oxygenation. The general approach taken in attempts to predict pulmonary function postoperatively is to perform a ventilation/perfusion (or just perfusion) lung scan 
preoperatively to ascertain what fraction of total pulmonary ventilation or perfusion is from the lung which is to be removed. In brief, the quantitative fraction of 
perfusion or ventilation in the proposed residual lung is multiplied times the pre-operative FEV1 to result in the predicted post-operative FEV1. 221 If this number is 
more than 0.8 liters, the patient's predicted pulmonary function is considered adequate. Whether perfusion, as determined by Tc99m macroaggregated albumin 
distribution, or ventilation is chosen does not appear to make a large difference in outcome, as ventilation and perfusion are generally comparably impaired. In 
practice, fractional perfusion is most commonly used as a predictor in most centers, as this parameter is quite easily measured. While aerosols are being more 
commonly used in ventilation studies, data on the predictive value of aerosol ventilation studies are not yet available. Thus, in many centers, predictions are based on 
the fractional perfusion.222 An example of a quantitative lung perfusion study is shown in Figure 30.30.

FIGURE 30.30. Preoperative anterior (A) and posterior (B) pulmonary perfusion study (Tc99m MAA, lung scan) in a patient with left lung cancer scheduled for 
pneumonectomy. Twenty-eight percent of perfusion goes to the left lung as determined by region of interest analysis ( C). With a preoperative FEV1 of 2.0 liters, this 
scan predicts a postoperative FEV1 of 1.44 liters, well above the 0.8 liters considered sufficient for survival postoperatively.



Bone Scanning

The use of the bone scan in the preoperative assessment of patients with newly diagnosed NSCLC cell lung cancer is somewhat variable based on practice locale. In 
general, it is agreed that surgical resection of the primary tumor in a patient with bone metastases is likely to be a fruitless undertaking. Gravenstein and colleagues 
reported death within six months in forty of forty-six patients with bone metastases. 223 Therefore, known bone metastases generally suggest an approach to therapy 
aimed at palliation, not cure. Thoracotomy entails the risk of death from surgery, pain, associated morbidity, and substantial costs of up to $40,000. Thus preventing 
an unnecessary thoracotomy can lead to large cost savings as well as improved medical care. Because a bone scan costs only about $400, to detect one patient with 
bone metastases, many studies can be performed potentially and still be cost-effective.

The literature surrounding this test is somewhat controversial, but two recent studies have suggested an incidence of bone metastases at presentation in patients with 
new NSCLC of about 15%.222 With this level of prevalence, it is quite reasonable to believe that bone scanning would be a rational procedure in each patient prior to 
thoracotomy. Another study has suggested an approximately 9% prevalence of metastases in such patients. 225 Algorithms have emerged to suggest that, instead of 
performing a bone scan on all patients with newly diagnosed lung cancer, the numbers of scans could be reduced by 50% through selection of patients at “high risk” 
for metastases based on clinical and laboratory findings. These findings included bone pain, chest pain, pain or tenderness on motion, an elevated serum alkaline 
phosphatase, or an elevated serum calcium level. At least one of these findings was present in any patient identified with bone metastases in a series of 110 patients 
with NSCLC.225 Others argue that a bone scan should be performed if the primary tumor is physically large or in any lung cancer with small cell histology.

Thus it can be recommended that an algorithm be adapted in which bone scans are performed in a higher prevalence subset of patients, who number about half of the 
total referred with lung cancer. Cost-benefit analysis appears to support this approach, though practice patterns may differ by institution. It should also be realized that 
additional costs beyond the bone scan will be incurred with a pattern of care including the use of bone scans. For example, additional radiographs may be necessary 
in some instances to be certain that the abnormality seen on bone scan is a metastasis as opposed to a benign skeletal abnormality. A bone scan illustrating direct 
tumor involvement in the thoracic spine is shown in Figure 30.31.

FIGURE 30.31. Posterior view from bone scan performed three hours after intravenous injection of Tc99m methylene diphosphonate (MDP) A: Focal increased 
uptake noted in left upper thoracic spine ( arrow) and left seventh rib. CT showed tumor invasion into spine B: Patient judged unresectable and treated with radiation 
therapy.

The bone scan is also important in follow-up and is capable of demonstrating metastases to bone in symptomatic and asymptomatic patients. The degree of vigor 
chosen in pursuing skeletal metastases postoperatively is generally less than in the preoperative patient. As in most neoplasms, identification of large metastases in 
weight-bearing bones which are at increased risk of fracture and the detection of destructive vertebral lesions are of greatest importance. These lesions can be 
irradiated before damage such as spinal cord encroachment or pathological fracture occurs. Recently it has been suggested that PET imaging with FDG could 
supplant the bone scan for staging, but in most institutions PET is not available, so the bone scan remains very commonly performed as a staging procedure.

Gallium, Thallium, and MIBI Imaging

67 gallium and 201 thallium have been used in lung cancer imaging for a number of years with variable clinical results. While there was substantial popularity of 67 
Ga in the pre-CT era, its use has declined significantly with the availability of CT. The 67 Ga scan can, however, detect many primary and metastatic mediastinal foci 
of lung cancer.226 In addition, SPECT imaging equipment is improving, and the use of multi-head SPECT systems should result in increased sensitivity for smaller 
lesions. At present, however, the relatively low uptake of 67 gallium in lung cancers makes reliable detection of tumor foci less than 2cm in diameter difficult. In 
addition to relatively poor sensitivity in small lesions, 67 gallium uptake occurs into some inflammatory lymph nodes, decreasing the specificity of the method. One 
prospective study showed 67 Ga to have a sensitivity of less than 25% and accuracy of about 60% in detecting mediastinal nodal metastases. 227 Thus, in most 
centers, 67 Ga is no longer used in the assessment of primary or metastatic lung cancer.

TI-201, a potassium analog, accumulates in viable cancer cells and can, especially with SPECT, image many larger primary lung cancers. The current literature 
suggests that the accuracy of lung cancer imaging with 201 TI appears to be somewhat superior to 67 Ga, but this tracer has not been as extensively explored in lung 
cancer imaging.227 Preliminary data from two series of 9 and 37 patients, respectively, suggest that lesions in lymph nodes and primary tumors greater than 1.5 to 2 
cm in diameter can be detected by tomographic techniques. 228,229 The detection sensitivity in smaller lesions is not as good, however. 228,229 and 230 In a larger series 
mainly using planar imaging, the sensitivity of TI-201 for primary lung cancers was 86%, but only a small fraction of mediastinal lymph node metastases was 
detected.231 These observations led Sehwell and colleagues to conclude that TI-201, at least with planar imaging, was probably of limited value in lung cancer 
staging.231 TI-201 has also been preliminarily evaluated in monitoring therapy for lung cancer patients. 232

Suga and associates have examined the ability of TI-201 scintigraphy to separate benign from malignant solitary pulmonary nodules. 233 Images obtained fifteen 
minutes after TI-201 injection showed no differential uptake between malignant and benign lesions, but imaging at three hours postinjection showed an 81% accuracy 
in separating the lesions of differing histologies. This difference was due to more avid retention of TI-201 in malignant than benign lesions. Additional studies in larger 
patient populations will be needed to determine the role of TI-201 in lung cancer imaging and staging. At present, in most clinical practices it remains an investigative 
tool.

SPECT using technetium-99m methoxyisobutylisonitrile (MIBI) has been used in the assessment of SPNs, with limited success. For example, Kao and colleagues 
used SPECT to evaluate fifty-four patients with SPNs and ten controls. 35 Of the SPNs, 46 were bronchogenic carcinomas and eight were benign. SPECT detected 
only thirty of the forty-six carcinomas, and also detected six of eight benign lesions. Thus this technique did not appear to be particularly helpful.

Myocardial Perfusion Imaging

While a major concern in the management of patients with newly diagnosed lung cancer is whether the disease is surgically resectable, it must also be determined 
whether the patient has an acceptable risk of surgery. A determination of operative risk as regards loss of pulmonary function using ventilation/perfusion scanning 
was discussed earlier in this chapter. However, an additional consideration is the potential of death during surgery or in the perioperative period due to a cardiac 
event such as myocardial infarction. Many patients with lung cancer are smokers. Smoking is a risk factor for lung cancer and coronary artery disease. Thus some 
patients will have both coronary artery disease and lung cancer. Patients with severe coronary artery disease are at an increased risk of death during major surgeries. 
While most of the literature regarding risk stratification for surgery has emerged in the setting of preoperative vascular surgery, it is clear that many physicians now 
apply preoperative myocardial perfusion imaging in an attempt to define patients at high and low risk of cardiac death following thoracotomy. 234 Brown has recently 
reviewed this general area, and concludes that patients considered for major surgery who have significant cardiac risk factors should be considered for myocardial 
perfusion scintigraphy preoperatively. 234 Patients with reversible myocardial perfusion defects on TI-201 stress scintigraphy are considered to be at a high risk of 
infarction/death, versus the group with normal or fixed defects on scan. Eagle and colleagues reported that, in 116 patients undergoing major abdominal vascular 
surgery, in an intermediate risk group those without redistribution on TI-201 scans showed a 3.2% risk of a cardiac event, while those with TI-201 redistribution had a 



much higher 29.6% risk of a cardiac event. 235 It is generally believed that correcting the cardiac perfusion defect will reduce the risk of perioperative 
morbidity/mortality, though this is not as well studied as the risk stratification power of TI-201. While detailed prospective study of the predictive value of myocardial 
perfusion scintigraphy in lung cancer patients is lacking, myocardial perfusion imaging is a powerful predictor of outcomes in patients who undergo other major 
surgical procedures. This technique is being applied to assessing patients who are considered for surgery who may have coexistent coronary artery disease.

Adrenal and Hepatic Imaging

CT has revolutionized the anatomic evaluation of the upper abdomen, but despite its power, it is not a perfect test. Two areas of difficulty include adrenal masses and 
liver lesions. It has been possible to distinguish between malignant and benign adrenal lesions in many instances by evaluating the adrenal uptake of 131 I NP-59, an 
iodocholesterol analog. Metastases to the adrenal are not uncommon in patients with newly diagnosed lung cancer, presenting as an enlarged adrenal; however, 
benign nodules in the adrenal are common as well. Francis and associates studied this issue in twenty-eight patients with known cancer who had adrenal masses 
identified during their staging CT exam.236 In this study, 131 NP-59 was administered intravenously, and several days later gamma images of the adrenals were 
obtained. Biopsy confirmation of diagnosis was obtained. Of the fourteen cases with increased 131I NP-59 tracer uptake in the enlarged adrenal, all were adenomas. If 
there was decreased or symmetric uptake of tracer, metastatic tumor could not be excluded and was present on biopsy in ten cases. Adrenal cysts could also have 
diminished uptake. In some very large adrenal lesions, larger than 5 cm, increased tracer uptake can be seen due to adrenal cancer, though this is a rare occurrence. 
In brief, if there is increased uptake of NP-59 into a moderately enlarged adrenal gland, there is a very low probability that the lesion represents a lung cancer 
metastasis (Figure 30.32). If the adrenal is “cold” on NP-59, a biopsy would be necessary to determine the etiology of the lesion ( Figure 30.33). Recent studies of the 
cost-benefit of adrenal imaging with NP-59 have shown the method to be cost-effective. At present, this scan is available at only a few institutions, and many 
institutions without this agent perform CT-guided adrenal needle biopsies to resolve this problem. PET, however, is showing considerable promise as a radionuclide 
method to evaluate the adrenals and is already more widely available than the NP-59 method.

FIGURE 30.32. A: CT shows right adrenal mass in a patient with normal adrenal function. B: Posterior images four days postinjection of 131 I NP-59, an 
iodocholesterol analog, demonstrate intense tracer uptake in right adrenal mass (“concordant” pattern). Thus the mass represents functional adrenal tissue consistent 
with benign adrenal cortical adenoma, not a metastasis.

FIGURE 30.33. A: CT demonstrates left adrenal mass in a patient with lung cancer. B: NP-59 scan shows diminished tracer uptake on left and normal uptake on right 
(“discordant” pattern). This suggests that the left adrenal mass represents a metastasis. (From Gross M, Shapiro B, Bouffard J, et al. Distinguishing benign from 
malignant adrenal masses. Ann Intern Med 1988;109:613, with permission.)

A second area of application of nuclear medicine studies is in the liver. Hepatic hemangiomas are commonly found in patients with cancer as incidental findings. 
While the CT findings are characteristic in most cases, 30% of these lesions are atypical in appearance. Ziessman and associates have shown, using triple-head 
SPECT, that imaging of red blood cells labeled with Tc99m allowed visualization of 20/20 hemangiomas greater than or equal to 1.4 cm in diameter. 237 This is in 
contrast to planar or single-head SPECT, where small lesions are commonly undetected. For example, with single-head SPECT, the sensitivity for hemangioma 
detection was only 38% for lesions between 1 and 2 cm in diameter, while for planar imaging, lesions under 3 cm in diameter were not uncommonly missed. 238 The 
hemangioma scan is highly specific for hemangioma in the liver, with only rare false positive cases including very large hepatomas, one carcinoid, and one 
hepatoblastoma reported to date. These are very uncommon, however, and in a series of 45 hepatomas studied in Japan, none of the patients had evidence of 
increased uptake of Tc-labeled red blood cells. This area has recently been reviewed by Rubin and colleagues. 239 Scan utilization patterns differ by institution, but the 
nuclear scan is much less expensive than an MRI scan and is the procedure of choice for lesions of over 1.5 cm in diameter ( Figure 30.34).

FIGURE 30.34. A: CT scan shows 3.5 cm right hepatic lesion (arrow) which is of indeterminate etiology in this lung cancer patient. B: Tc99m-labeled red blood cell 
triple-head SPECT scan obtained one hour after the injection shows intense tracer uptake in the liver, diagnostic for hemangioma. Intense activity also noted in 
spleen, portal vessels, descending aorta, and inferior vena cava.

Antibody Scanning

The concept of imaging tumors with monoclonal antibodies reactive with specific tumor antigens is an attractive one which has been under study for the past 15 
years.240 The approach has clinical utility in imaging colorectal cancers and has been applied to lung cancer in several trials. At present, there is no FDA-approved 



radiolabeled monoclonal antibody for lung cancer imaging, though several clinical trials have demonstrated that there is potential for this methodology. These studies 
have involved anti-CEA (anti–carcinoembryonic antigen) antibodies and antibodies reactive with high-molecular-weight mucins. In NSCLC, several studies have 
shown that primary tumors can be imaged with 75% to 100% sensitivity, although some accumulation also occurred in nonmalignant tissues with specificities in the 
25% to 75% range241,242 and there was a problem in detecting tumors less than 2 cm in size in many instances. Thus, while feasible, this technique did not appear 
particularly helpful for the assessment of primary lung nodules.

A large prospective trial of the NRLU-10 murine antibody, which recognizes a 40 kD cell surface glycoprotein expressed by many epithelial cancers, was performed in 
the United States. With a Tc99m label, the Fab fragment of this antibody demonstrated a sensitivity for detection of the primary lesion of over 90%, detection of 
several more nodal metastases than seen by CT.243,244 In a presurgical series, Rusch and colleagues had five false-positive antibody scans of the mediastinum/hilum 
in a series of 21 patients. 245 Separation of blood pool activity from normal nodes has been problematic, but the results are at least as good as CT in staging the 
mediastinum (Figure 30.35).

FIGURE 30.35. A: Anterior view from Tc99m NRLU-10 Fab (monoclonal antibody fragment) scan 17 hours post tracer injection shows uptake into right lung NSCLC 
(arrow) and mediastinal metastases (arrowheads) (proven at surgery). Uptake in thyroid and clearance of radiotracer through the gut/billary tree are normal findings. 
B: Scan with the same reagent in a different patient with small cell lung cancer. Uptake demonstrated in right thoracic primary lesion ( arrow) and in tumor adjacent to 
the right lobe of the thyroid ( arrowheads). (Images, courtesy of Dr. H. Breitz, Virginia Mason Medical Center, Seattle, WA.)

An attractive aspect of nuclear medicine studies with tumor-avid agents is the potential for screening the entire body with a scan. This is becoming possible in 
NSCLC, with detection rates of known metastases in the area of the 90% range with the NRLU-10 mab, except in bone metastases, where the detection rate is 
substantially lower, with the antibody scan an inadequate substitute for the bone scan. 246

Small cell lung cancer (SCLC) also expresses antigens on the surface which may be satisfactory targets for monoclonal antibody imaging. The staging procedure in 
SCLC is generally simpler than in NSCLC as SCLC is generally not a surgical condition. Rather, a decision has to be made if the disease is limited (to receive 
radiation therapy and chemotherapy) or extensive (to receive chemotherapy only). This decision is often made by bone marrow biopsy. An imaging study of 96 
patients from 21 sites was performed with the Tc99m NRLU-10 mab. In this study, the antibody scan was the single most accurate test when compared to CT, bone 
scan, or bone marrow aspirate. False-positives in this study were rare, with a positive predictive value of the test of more than 95% with about a 10% understaging 
rate.246,247 Thus it is possible that in SCLC, the antibody scan might replace standard imaging methods for staging.

With antibodies, a concern exists that a foreign protein is being administered and the patient receiving the antibody may develop an immune response to the antibody. 
Indeed, up to 25% of patients with NSCLC developed an antimouse response to the antibody infusion. 245 This may limit follow-up studies. The antibody infusion was 
safe, however. To date, however, the utilization of this monoclonal antibody scan in staging lung cancer has been quite modest, and this method has not found 
general acceptance, despite being FDA-approved.

Small peptides reactive with receptors on the surface of SCLC have recently been used in clinical imaging studies and have demonstrated feasibility of concept. One 
of the peptides, reactive with the somatostatin receptor, is already an approved agent in Europe. The exact role of this agent in SCLC imaging requires further study, 
as not all of the tumors are receptor-positive. 248 This type of approach is attractive in that the peptides generally do not cause an immune response due to their small 
size, and can be given repeatedly. Recently, a Tc99m-labeled peptide (P-829) reactive with somatostatin receptors has been shown to be promising in assessing both 
NSCLC and SCLC.249 It is possible that this agent may be clinically available for lung cancer imaging in late 1999, although the exact method for using this agent will 
be in evolution as clinical experience has been relatively modest. Preliminary data suggest the agent to be most useful in characterizing pulmonary lesions as 
malignant or benign, and the data suggest the agent will be useful in the more common non–small cell phenotype of lung cancer. The precise role of this agent in 
staging lung cancer is not yet developed.

Antibody, and potentially peptide, imaging may assume a growing role in the detection of lung cancer, with data very promising in SCLC and encouraging in NSCLC, 
especially for the Tc99m-labeled P-829 peptide. Clinical experience in lung cancer with both the peptides and antibodies remains limited, however. Nonetheless, this 
area of imaging has substantial potential.

Positron Emission Tomography (PET)

The most rapidly emerging application of nuclear medicine techniques for the assessment of solitary pulmonary nodules and possible metastases of lung cancer is 
positron emission tomography (PET). This method differs from standard nuclear medicine imaging in that short-lived isotopes are used which emit positrons. The 
positrons then interact with normal tissue electrons to produce pairs of 511 KeV photons which then can be detected by the very sensitive positron emission 
tomographic camera.

Lung cancer has been successfully imaged in several trials using PET with both 11C methionine and FDG. Kubota and co-workers first reported successful imaging of 
lung cancer in eight of eight patients with primary lung cancers, with substantially more 11C methionine uptake in tumor than in normal lung tissue. 250 In a follow-up 
series of 16 patients, the investigative team from Tohoku University showed increased 11C methionine uptake in each case of primary lung cancer, with somewhat 
more 11C methionine uptake in the large cell than in the squamous cell carcinomas. 251

Nolop and co-workers showed that FDG accumulated in 12 of 12 lung carcinomas studied with FDG, with all histologies imaging in the study. Mean tumor to nontumor 
ratios of over 6:1 were seen, and no obvious correlation was observed between tumor grade and FDG uptake in this small series. 252 Investigators from Tohoku 
University in Sendai, Japan, showed that about 85% to 90% of solitary pulmonary nodules are detected by PET with either FDG or methionine. They observed an 
elevated SUV (standardized uptake value) of tracer uptake with FDG and methionine in patients with lung cancer, while in benign lesions the SUV was significantly 
lower.31 Similar results were recently reported by Gupta and colleagues, who showed that FDG uptake into primary lung cancers was significantly greater than that 
seen into benign pulmonary lesions, with SUV of 5.63 plus or minus 2.38 (SD) in malignant and 0.56 plus or minus 0.27 (SD) in benign lesions (p = less than 0.001). 32

 Patz and colleagues demonstrated that FDG PET is very effective at separating primary lung cancers from inflammatory processes in the lung, based on the lesion 
SUV. In a series of 51 patients with focal pulmonary abnormalities (of which 38 were solitary pulmonary nodules), it was noted that the 33 malignant lesions had an 
SUV of 6.5 plus or minus 2.9 (SD), while benign lesions had an SUV of 1.7 plus or minus 1.2 (SD). Thus an excellent separation between benign and malignant 
lesions by SUV was possible.253

Kubota and colleagues also compared the accuracy of FDG and methionine PET in assessing pulmonary nodules. Both methionine and FDG were comparable in 
their imaging accuracies, with a 93% sensitivity, 60% specificity, and 79% accuracy for methionine, and an 83% sensitivity, 90% specificity, and 86% accuracy for 
FDG. Tumors less than 1 cm in diameter were noted to be particularly difficult to evaluate because of their small size relative to the resolution of the PET scanner. 31

The ability of PET to separate malignant from benign lesions is high but not totally perfect. Thus high tracer uptake can sometimes be seen in an inflammatory or 
infectious process, such as aspergillosis or TB. Preliminary reports suggest that the smallest of pulmonary nodules may not be as well characterized by PET as larger 



nodules, possibly due to their motion in the PET scanner field of view and the incomplete signal recovery from small lesions. This results in underestimation of their 
SUV, unless a correction for scanner resolution is applied. The whole-body PET technique has also been applied to the detection of intrathoracic masses, and in the 
eight patients with bronchogenic carcinoma, there was clear visualization of the tumors by PET as areas of increased focal tracer accumulation. 255 Several metastatic 
lung nodules could also be detected by this approach, though it must be realized that quantification is not possible with this method. This method allows evaluation of 
the entire body.

A prospective multicenter trial of FDG PET was performed in eighty-nine patients in the assessment of solitary pulmonary nodules by Lowe and colleagues. 256 This 
study showed that, using SUV data, PET had an overall sensitivity and specificity for detection of malignant nodules of 92% and 90%, respectively. Some differences 
in sensitivity were seen with smaller lesions, so that for the smaller lesions (less than 1.5 cm) visual analysis, as opposed to quantitative analysis, was of greater 
sensitivity. A trial from Germany in fifty-four pulmonary lesions-3 cm or less in diameter showed PET to be 90% sensitive and 83% specific in lesion characterization 
(as malignant or benign). 257 False-negatives included two bronchial carcinomas and one metastasis. With a prevalence of 4% to 10% false-negatives, there are risks 
of missing tumors if PET is the only test performed. Most would recommend follow-up imaging tests of solitary pulmonary nodules following a negative PET to exclude 
tumor growth, as a small percentage of patients with negative PET scans of SPN will have malignant tumors present. This seems to occur with greater frequency in 
bronchioloalveolar cell carcinomas, for example, which have considerably lower uptake of FDG than other lung cancers. 258 It is suggested that CT always be 
examined along with the PET study to be certain that bronchioloalveolar cell carcinomas are not missed on PET due to their lower tracer uptake. Nonetheless, PET is 
a very accurate, but not perfect, method for evaluating solitary pulmonary nodules noninvasively.

Another issue in lung cancer management is whether the tumor has spread to the mediastinal lymph nodes. This question is of substantial importance in NSCLC, 
where cure is generally possible only with complete excision of viable tumor from the thorax. In contrast, SCLC is more commonly treated nonsurgically by 
chemotherapy or irradiation. With NSCLC, it has been recognized that if there is tumor involvement of the mediastinum at the time of initial diagnosis, the patient's 
probability of survival for five years is reduced to just 5% to 10%. By contrast, if there is no mediastinal lymph node involvement, five-year survival is increased to a 
40% to 50% probability. Knowing if there is mediastinal tumor involvement can alter the approach to management as in high-risk patients for surgery, thoracotomy 
may be inappropriately risky if there is a very high likelihood of mediastinal tumor involvement. There are only limited data published to date on this topic. A report on 
25 patients studied with 11C methionine PET showed that there was higher 11C uptake in the tumor-involved lymph nodes than in the tumor-negative nodes (3.89 
versus 2.38 mean SUV) (p = less than 0.001) and that with threshold setting post hoc, a nearly 90% accuracy in detecting mediastinal metastases could be defined. 259

Data recently reported from the University of Michigan showed FDG PET to be significantly more accurate than CT in staging presumed NSCLC. In a prospective 
study of 23 patients, PET was about 82% accurate, while CT was 52% accurate (p = less than 0.05). 260 PET had the capability to detect tumor in some normal-sized 
lymph nodes and to exclude tumor involvement in enlarged lymph nodes in multiple instances. A preliminary report from Heidelberg, Germany, has shown even better 
accuracy for FDG PET but was performed with a PET scanner that had a limited field of view and thus was not able to evaluate the entire mediastinum at risk for 
metastases.261 Application of quantification to the PET data may be of utility in additionally refining the accuracy of PET. It should be noted that accurately 
determining tracer uptake in mediastinal lymph nodes is difficult with PET, because count recovery is somewhat limited when the lymph nodes are small. Many studies 
on using PET for mediastinal staging have been reported in the past several years showing PET to be more accurate than CT for mediastinal staging. As an example, 
Vansteenkiste et al. showed the accuracy of CT and PET for mediastinal staging to be 68% and 94%, respectively. 262 A recent meta-analysis of the PET and CT 
literature by Dwamena, et al. has shown a sensitivity and specificity of 79% and 91%, respectively for PET, which is considerably higher than that for CT at 60% and 
77%, respectively.263 Examples of PET scan evaluating the mediastinum are shown in Figure 30.36, Figure 30.37 and Figure 30.38.

FIGURE 30.36. A: Enlarged hilar and mediastinal lymph nodes (arrows) on CT. B: Transmission PET image at the same level as in (D). This patient had proven 
metastastic NSCLC in the mediastinum. C: Intense uptake of FDG on emission PET. D: Fusion image showing increased activity in the enlarged nodes.

FIGURE 30.37. A: Normal-sized mediastinal lymph nodes in the aortopulmonary window ( arrow) on CT. B: Transmission PET image at the same level as in (D). 
Tumor-involved, normal-sized nodes were proven at surgery in this patient with NSCLC. C: Increased FDG uptake in the left side of the mediastinum on emission 
PET. D: Fusion image showing increased activity in these normal sized lymph nodes ( arrow and +).

FIGURE 30.38. A: Enlarged lymph node in the right paratracheal region ( arrow) on CT. B: Transmission PET image at the same level as in (D). This patient was 
found to have no tumor involvement of mediastinal lymph nodes. C: Enlarged lymph node in the right paratracheal region with no increased uptake over blood pool on 
emission PET. D: Fusion image confirms absence of increased FDG uptake within the enlarged node. (From Wahl R, Quint L, Greenough R, et al. Staging of 
mediastinal non–small cell lung cancer with FDG-PET, CT, and fusion images: preliminary prospective evaluation. Radiology 1994;191:371, with permission.)



Most recently, the prognostic importance of FDG PET in lung cancer has been investigated. In 125 potentially operable non-small cell lung cancer patients, the 
standardized uptake value (SUV), a semi-quantitative measurement of FDG uptake on PET scan, was analyzed. An SUV of greater than 7 was correlated with each 
survival. Moreover, the SUV of greater than 7 had the best discriminative value for prognoses, both in all patients and those detected. An SUV of less than 7 in stage 
Ia patients had a 2-year survival of 86%, but 2-year survival fell to 60% if the SUV was above 7. Nearly all detected tumors greater than 3 cm has SUVs of more than 
7, with an expected 2-year survival of 43%.264

The published data regarding the ability of PET to detect visceral metastases from lung cancer are very encouraging. PET and bone scanning had, respectively, an 
accuracy of 96% and 66% in the evaluation of osseous involvement in 110 consecutive patients with NSCLC. The superior accuracy of PET was due to a much lower 
false-positive rate than bone scan.264 The specificity of bone scans can, of course, be enhanced by comparison with skeletal radiographs. Recently, an approximately 
14% rate of finding additional metastases during lung cancer staging was reported by Weder and colleagues suggesting that PET should have a growing role in 
staging NSCLC patients before major surgery is undertaken.265 Specific evaluation of adrenal metastases by PET has been undertaken. As an example, in evaluating 
possible adrenal metastases in patients with bronchogenic carcinoma, PET has shown a sensitivity of 100% with a specificity of 80% in a study of 33 patients. 266 PET, 
while a very useful method for staging the entire body, can fail to detect brain metastases (for example, as their uptake can be very similar to that of normal brain, 
meaning lesions can be hard to detect in some instances). 267 Thus anatomic imaging is recommended for such suspected lesions. Cost analysis studies have shown 
that using PET to stage lung cancer is cost-effective. 268

While FDG has been used in treatment monitoring, it should be noted that other tracers such as methionine have been employed. For example, in lung cancer 
treatment monitoring, declines in methionine uptake into tumors were commonly seen with effective therapy. 270 In some instances, the decline in methionine uptake 
was more predictive of the long-term survival of the patient than the change in tumor size. PET is rapidly emerging as a useful method in lung cancer management. 
Data are emerging to suggest PET plays a unique role in treatment management, both for chemotherapy and radiation therapy, but larger studies are needed to 
determine the precise role of PET in treatment response assessment.271

For all of the discussions of PET regarding lung cancer included in this chapter, the published literature has been based on dedicated PET scanning devices. In the 
last several years, lower-cost modified gamma camera devices capable of doing routine nuclear medicine studies (such as bone scans) and PET imaging have been 
developed and marketed. At present, the performance of these devices is not well characterized, but early data indicate they are considerably less accurate than 
dedicated PET for detecting small lesions in the chest and are particularly limited in the abdomen. As this technology emerges, performance will likely improve, but at 
present the limited literature available shows these devices to be inferior to dedicated PET in their accuracy. Thus, their place in clinical patient management will 
hinge on the accuracy determined for each device in prospective trials.

Summary

The role of nuclear medicine in the evaluation of the patient with a solitary pulmonary nodule suspected to represent lung cancer is rapidly evolving. PET and, to a 
somewhat lesser extent, SPECT techniques have demonstrated good accuracies in separating malignant from benign pulmonary nodules. At present, however, the 
accuracies are less than 100%, so they are not perfect substitutes for histological examination. At many centers, PET with a dedicated PET scanner is being applied 
in the more clinically difficult cases, such as the difficult-to-biopsy lesions or in patients who are a greater-than-usual risk of surgical assessment/biopsy. Data with 
SPECT and Tc99m-labeled peptides are emerging but are very limited as regards SPN characterization. Once the diagnosis of cancer is made, the bone scan is very 
important for assessing patients who have any signs or laboratory findings suggesting the presence of metastatic disease to bone. Detection of bone metastases 
would generally preclude operation. Recent data suggest PET to be more accurate than the bone scan in lung cancer staging. Staging the mediastinum and rest of 
the body with FDG PET alone is an increasingly attractive alternative to standard imaging methods. Staging of the entire patient with a single scan also appears to be 
possible with monoclonal antibodies reactive with SCLC—although this method is only infrequently applied at most centers. PET is expected to assume a greater role 
in lung cancer regional nodal staging, with recent data from many series indicating PET to be clearly more accurate than CT. It is not anticipated that PET will replace 
CT in the thorax, however, as anatomic information regarding the primary tumor stage will remain necessary to plan surgical procedures. Also, CT will help locate and 
characterize bronchioloalveolar cancers. PET can also survey the entire body with FDG, and it is possible that FDG whole-body imaging may become the only 
nuclear medicine staging test necessary for NSCLC ( Figure 30.39, Figure 30.40). 131 NP-59 scanning has been shown to be effective in separating metastases to 
the adrenals from functioning adrenal tissue, saving patients from adrenal biopsies. But because of its limited availability, it is quite likely to be replaced by PET or 
other methods. Ventilation perfusion lung scanning can help determine whether the patient can be expected to have satisfactory pulmonary function postoperatively 
for respiratory survival, while myocardial perfusion studies can help identify patients at high risk for perioperative cardiac events, including death. In follow-up, bone 
scanning represents the most widely used nuclear medicine procedure, but the applications of PET are expected to grow rapidly as this technology becomes more 
widely available. Early data indicate a growing role for PET in assessing the postoperative or postradiation/chemotherapy-treated lung. Thus, nuclear medicine 
procedures are assuming increasing importance in the imaging management of patients with known or suspected lung cancer.

FIGURE 30.39. Projection, coronal, transverse, and sagittal PET images showing right upper lobe lung cancer and lymph node metastases in the right side of the 
mediastinum.

FIGURE 30.40. Projection, coronal, transverse, and sagittal PET images showing increased FDG uptake in multiple metastases in the liver, bone, and soft tissues.
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Bronchoscopy has long had a role in the diagnosis of bronchogenic carcinoma, beginning with the use of rigid bronchoscopy and the increased incidence of lung 
cancer in the 1950s.1,2 With the advent of flexible fiberoptic bronchoscopy, the role of bronchoscopy expanded beyond the recognition of endobronchial disease 
possible with rigid bronchoscopy to sampling of peripheral masses not visible in the central airways but evident fluoroscopically. More recently, the reincarnation of 
bronchoscopic aspirating needles (first used through rigid bronchoscopes) in a flexible form has opened the area of mediastinal staging and enhanced more standard 
sampling applications of bronchoscopy.

The roles of bronchoscopy in patients with bronchogenic carcinoma can be grouped into the areas of diagnosis, staging, evaluation of therapeutic outcome, and 
endoscopic therapeutic intervention. Varying techniques are applicable to each group, so that an overall organized strategy is important. Some exciting, as yet 
experimental, techniques may well alter these approaches in the next decade.

DIAGNOSIS

Endobronchial Masses

Bronchogenic carcinoma often presents as an endobronchial exophytic mass ( Figure 31.1) in the central airways (mainstem to subsegmental bronchi).1,3 This 
presentation is typical of squamous cell and small cell carcinoma but can occur with any cell type. 4 This form of bronchogenic carcinoma is easy to recognize 
endoscopically and usually easy to biopsy with standard biopsy forceps. The yield with a minimum of three biopsies should be close to 100%. 5,6 Washing and 
brushing do not substantially increase the yield but are inexpensive and are usually performed in addition to the biopsies for the occasional added case.

FIGURE 31.1. Endobronchial mass occluding a segmental bronchus. (See Color Figure 31.1)

Bronchoscopic needle aspiration can also be used to sample endobronchial masses, but the technique does not seem to offer an improved yield over traditional 
forceps biopsy. In one study of 60 patients with endobronchial lesions, forceps biopsy had an 85% diagnostic yield, whereas needle aspiration had a 65% yield. 1 
Another study of 60 patients had opposite results: 80% yield with needle aspiration and 60% with forceps biopsy. Because most studies find very high yields with 
biopsy alone, bronchoscopic needle aspiration is unlikely to substitute for forceps biopsy in these lesions. Nonetheless, it would seem to have some limited 
applications in endobronchial masses. It has been suggested that bronchoscopic needle aspiration may be useful in lesions that are very friable and may bleed 
excessively with forceps biopsy.8 Occasionally, endobronchial biopsies may be nondiagnostic because extensive necrosis results in sampling error. Bronchoscopic 
needle aspiration may improve yield by sampling deeper tissue. It may also be useful in sampling lesions located in areas in which forceps tend to slip off the 
bronchial wall. Finally, rapid on-site cytopathology may provide an immediate diagnosis when deemed necessary.

Submucosal and Peribronchial Tumor

A less common presentation of bronchogenic carcinoma is submucosal spread or peribronchial involvement, which causes extrinsic compression or concentric 
narrowing of the bronchus.1 In the case of submucosal spread, normal mucosal markings are often effaced and the surface may be covered with a fine network of 
engorged bronchial collateral vessels ( Figure 31.2). This sort of tissue involvement is usually much firmer than the soft exophytic mass discussed previously and is 
consequently more difficult to biopsy. The diagnostic yield is considerably lower than with forceps biopsy of exophytic masses, probably because of the difficulty in 
sampling deeper tissue layers and because of a less dense carcinomatous process with a consequently greater sampling error.



FIGURE 31.2. Submucosal infiltration of bronchogenic carcinoma. Normal bronchial markings are lost and engorged bronchial collateral vessels are prominent. (See 
Color Figure 31.2)

Diagnosis of bronchogenic carcinoma in these lesions has been aided by the use of bronchoscopic needle aspiration. In one study, forceps biopsy detected 55% of 
such tumors, whereas bronchoscopic needle aspiration alone detected 71%. 9 The combination of forceps biopsy and needle aspiration detected 90%, and adding 
either a wash or a brush brought the yield to 97%. Interestingly, diagnostic yields are often incrementally increased by different sampling methods when the sampling 
error is higher.

The technique for sampling submucosal or peribronchial tissue is straightforward. The needle device is advanced through the bronchoscope channel in the retracted 
position. Once the tip of the device is 2 cm above the area to be sampled, the needle can be advanced from its sheath ( Figure 31.3). At this point, it is usually helpful 
to withdraw the needle's sheath into the bronchoscope channel so that only the needle remains exposed. This maneuver allows the sheath to be supported by the 
bronchoscope channel and gives the operator greater control over the exact placement and advancement of the needle. The needle is then inserted at an oblique 
angle into the submucosal layers or perpendicular to the wall in the case of suspected peribronchial disease. Once the needle is embedded in the tissue, it is moved 
vigorously back and forth (remaining in the site) while suction is applied to the proximal end of the device. It is, of course, important to remember to withdraw the 
needle into its sheath prior to removing the needle from the bronchoscope.

FIGURE 31.3. Bronchoscopic aspirating needle in retracted and advanced positions. (Olympus Corp. Lake Success, New York.)

The optimal number of aspirations has not been studied, but the percentage of adequate aspirations can be increased by on-site processing of the aspirate by a 
cytopathologist. In one study, the percentage of specimens with malignant cells increased from 31% to 56%. 10 This increase occurred regardless of the location of the 
lesion (i.e., endobronchial, submucosal, or peripheral). In the absence of rapid evaluation of the aspirate, it appears useful to do at least three aspirations in the 
involved area.11 Handling of the specimen can be done in various ways that appear to be equivalent, so it is best to coordinate handling with the cytopathologist to fit 
individual institutional needs.

Bronchoscopic needle aspiration is also useful in nonmalignant disease, which may be relevant in the evaluation of suspected malignancy. One study found an 87% 
yield in patients with HIV infection and intrathoracic adenopathy secondary to mycobacterial disease. 12 In 32%, needle aspiration was the exclusive means of 
diagnosis. This method has also been studied extensively in the diagnosis of sarcoidosis. Optimal diagnostic yields occurred when transbronchial lung biopsy was 
combined with bronchoscopic needle aspiration. 13

Despite the demonstrated utility of bronchoscopic needle aspiration, it remains an underutilized technique. A computerized survey performed at the 1995 American 
College of Chest Physicians Fellows' Conference found that only 10% reported routinely performing bronchoscopic needle aspiration. 14 Reported limitations at their 
institutions included suboptimal technique (30%), technician support (1%), cytopathology support (14%), and a combination of all of these factors (25%). Thirty 
percent felt that this technique was not useful. A learning curve is also necessary when performing bronchoscopic needle aspiration. One study recorded their results 
during a 3-year period with serial multifaceted educational interventions. Their yields increased significantly from 21.4% to 47.6%, and fewer cytologically 
unsatisfactory specimens were obtained.15 Thus improved experience in training programs and ongoing education is necessary for this technique to achieve its 
maximum utility.

Peripheral Masses

Peripheral lung masses (including solitary pulmonary nodules) have always presented more of a diagnostic problem than lesions in central airways, and reported 
diagnostic yields have generally been lower, in the range of 30% to 50%. 16,17,18 and 19 Transbronchial biopsy has been the mainstay of specimen sampling of peripheral 
masses. Its yield is partly affected by the number of biopsies performed. Optimal yields require at least four adequate samples 5,20 with small or large biopsy forceps. 
Optimal yields in discrete mass lesions (as opposed to diffuse interstitial disease) require the use of fluoroscopy in more than one plane to ensure accurate placement 
of the biopsy instrument. Biplane fluoroscopy, rotation of the C-arm of a fluoroscope, or rotating the patient in a fixed fluoroscope all provide adequate assessment of 
placement.

The yield of transbronchial biopsy is affected most by lesion size. In general, poor yields (<35%) are obtained in sampling lesions smaller than 2 cm in 
diameter,16,17,20,21 and 22 probably because only one bronchus tends to supply lesions this size, whereas two or more bronchi are involved in lesions 2 cm and larger, 
increasing the likelihood of the forceps reaching the mass. 23 Computed tomographic evidence of a bronchus leading to the lesion, “bronchus sign,” predicts a higher 
diagnostic yield with biopsy techniques. 24 An exception to increasing yield with increasing lesion size is the case of lesions larger than 6 cm in diameter. Very large 
lesions tend to have significant components of inflammation and necrosis, which increase the sampling error and decrease the yield despite the generous size of the 
mass.16

Although the statement is often made that lesions in the outer third of the lung are too far out to reach with the transbronchial biopsy technique, this impression is 
actually mistaken. In fact, forceps can often be passed close to the pleural surface, creating one mechanism of pneumothorax with bronchoscopy. Lesions in the inner 
third of the lung may actually be more difficult to sample because of the tighter branching pattern of bronchi leading to the mass.

One remaining factor influencing diagnostic yield is the nature of the mass: primary versus metastatic. Primary bronchogenic carcinomas are bronchocentric in origin 
and, therefore, are more easily sampled by forceps passed through the airway. Metastatic nodules are usually hematogenous in origin and perivascular in location, 25 
and the yield on transbronchial biopsy appears to be lower than for primary carcinomas. 19,26,27



Two problems seem basic to the difficulty in sampling peripheral lesions: (a) the lack of direct peripheral visualization of the tumor and (b) the lack of adequate 
directional steering of the forceps in the periphery. Ultrathin bronchoscopes have been developed to achieve better peripheral visualization and appear to offer hope 
of increased range,28 but they are unlikely to reach the level of most radiographically visible masses and have little prospect of offering any sampling capability. An 
older instrument, the single or double-hinged curette, actually provided some directional capability in the periphery but is somewhat fragile and has not met with 
widespread use, perhaps because of the cumbersomeness of the procedure. 29 Those using this device first use bronchography to map the bronchial tree leading to 
the mass. Because bronchography can effect cytologic results, the patients are not bronchoscoped for 2 weeks after the bronchogram. Fluoroscopy and the 
bronchogram are then used to manipulate the curette into the lesion. The ability to flex the hinges of the curette offers more directional control than traditional biopsy 
forceps. The process is, however, a long one and not clearly worth the time and expense considering other techniques.

More recently, two techniques have provided some improvement in sampling peripheral lesions without providing increased visualization or directional control. They 
are transbronchial needle aspiration and bronchoalveolar lavage (BAL). The technique of transbronchial needle aspiration of peripheral masses is similar to that of 
transbronchial biopsy. The device is passed under fluoroscopic guidance into the mass, and the needle is extended and moved back and forth in the lesion while 
aspirating at the proximal end. The needle is then removed from the mass, withdrawn into its sheath, and removed from the bronchoscope channel. It does not appear 
to be necessary to inject saline into the mass prior to aspiration.

Transbronchial needle aspiration significantly increases the yield of bronchoscopy in the diagnosis of peripheral masses 2 cm or larger in diameter. 20,23 In one study,20

 the yield for lesions less than 2 cm in diameter was the same with transbronchial biopsy and transbronchial needle aspiration (35%), but for larger lesions, 
transbronchial needle aspiration increased the yield over that of transbronchial biopsy from 52% to 76%. The technique was particularly useful for lesions that could 
not be penetrated by standard forceps so that transbronchial biopsies could not be performed. Such cases are probably caused by a tumor extrinsically compressing 
the bronchus leading to it or by the tumor being situated outside a bronchial branching point. In this subset, the yield of transbronchial needle aspiration was 80%. In 
other studies, the technique enhances the yield of bronchoscopy in the diagnosis of metastatic nodules, 30 again illustrating the ability of the needle to pass through 
areas difficult to access with traditional biopsy forceps.

Two aspirating needles may particularly enhance the yield of bronchoscopy for peripheral lesions, although neither has been extensively studied. A plastic needle 
(Figure 31.4) with no rigid section at the distal end (e.g., SoftCor, Microvasive Corp, Watertown, Massachusetts) has been helpful in the authors' experience in 
accessing lesions in difficult locations such as the superior segment of the lower lobes or the medial aspect of the upper lobes. Maneuverability is improved by the 
absence of the 1- to 2-cm rigid distal section characteristic of most needles and forceps. It is also an 18-gauge device that offers the potential of a histologic specimen 
in addition to cytology. In most situations, the combination of histology and cytology produces a better yield than either alone. Using this needle, the author has 
achieved yields of 85% for lesions 2 cm or larger. The second needle is an 18-gauge metal needle that has been used primarily for mediastinal staging (see also 
Chapter 32, Chapter 35), again because of the potential for an improved yield with the added histology specimen.

FIGURE 31.4. Plastic bronchoscopic aspirating needle. The needle is 18 g with no rigid section. (SoftCor, Microvasive Corp. Watertown, Massachusetts.)

BAL has yet to be fully explored as an adjunct to transbronchial biopsy or transbronchial needle aspiration in the assessment of peripheral masses, but recent reports 
suggest that it at least enhances the yield over that of transbronchial biopsy, brushing, and washing. 31,32,33,34,35 and 36 BAL is theoretically appealing because it is known 
to be able to obtain material from the alveolar level in diffuse lung diseases such as Pneumocystis pneumonia and sarcoidosis.35 So far, yields in bronchogenic 
carcinoma have varied significantly from 33%31 to 65%,33 and few studies have systematically compared yields from the common sampling procedures in the same 
patients. One study found a yield of 75% using a combination of transbronchial biopsy, BAL, and brushings. 37 In most studies, BAL provided the only bronchoscopic 
evidence of carcinoma in a meaningful number of cases (6% to 11%). 37 More studies will undoubtedly be published in the next few years, which we hope will sort out 
the best combination of sampling techniques. In the authors' experience (unpublished), the combination of transbronchial needle aspiration and BAL appears to 
provide a better yield than transbronchial biopsy with brushing and BAL.

Lymphangitic Carcinoma

Lymphangitic carcinoma represents a special case of diffuse lung disease and, as with other forms of diffuse disease, it is readily sampled by transbronchial biopsy. 
Transbronchial needle aspiration has not been tested in lymphangitic carcinoma, but it would appear unlikely to be useful in this setting because the technique is 
generally more suited to dense lesions than to diffuse parenchymal lesions. 38 BAL has been shown to add to the diagnostic yield in lymphangitic carcinoma, 32 
although it has not been systematically compared to other sampling techniques.

Special Issues

Occasional disputes arise over the necessity for a preoperative diagnosis of lung cancer in cases of solitary pulmonary nodules, which are distinguished from a lung 
mass by the absence of radiographic findings other than a well-circumscribed round mass completely surrounded by lung. This particular presentation poses a 
dilemma because it can be caused by either benign or malignant processes, and surgery for benign disease should be avoided, if possible. Evidence of very long 
lesion doubling time (>2 years) from previous chest radiographs, radiographic evidence of a benign pattern of calcification, supports the diagnosis of a benign lesion. 
Many lesions (including benign ones) do not, however, meet these criteria.

In the absence of computed tomographic evidence of mediastinal adenopathy, some physicians have argued that bronchoscopy (or transthoracic needle aspiration) 
does not alter outcome.39 Unfortunately, the issue is not clear-cut. In some populations, such as the Southwest United States, a significant number (up to 50%) of 
solitary nodules in patients over 50 years old may be caused by benign processes such as coccidioidomycosis, which can be detected by bronchoscopy, 40 so that the 
patient population must be considered. Second, the potential for mediastinal staging has not been accounted for in the algorithms. In addition, bronchogenic 
carcinoma is multicentric.41 The reported incidence of simultaneous tumors has varied from 1.2% 42 to 10% to 22% in occult carcinoma.43,44 Although a small study of 
solitary pulmonary nodules found no second (endobronchial lesions), 45 the actual incidence in the subset of patients with solitary nodules has not been reported. The 
ability to detect second lesions, which might influence the approach to therapy, would clearly affect the approach to preoperative diagnosis. One study using decision 
analysis to determine the effect of diagnostic strategy on survival found that immediate surgery had a very slight survival advantage if the likelihood of malignancy 
was very high; preoperative biopsy had a very slight advantage if the probability of cancer was intermediate; and observation had a very slight advantage if the 
probability of cancer was very low.46

A second special issue is the role of bronchoscopy in hemoptysis with a normal or nonlocalizing chest radiograph. A surprising number of studies have addressed this 
issue in the past ten years, with remarkably similar conclusions despite some small variations. 18,47,48,49,50,51,52,53,54,55 and 56 All studies have found that bronchoscopy is 
indicated in patients at risk for lung cancer: age over forty years, a significant smoking history, and male sex (although this factor has probably changed with the 
greatly increased incidence of bronchogenic carcinoma in women).

No consensus exists on the significance of the volume of hemoptysis. One study found a significant incidence of carcinoma only when the volume of hemoptysis was 



greater than 30 mL,53 another when the volume was greater than 60 mL,51 and a third found no relation to volume. 57 Bronchoscopy appears to be indicated in the 
presence of hemoptysis and a normal chest radiograph when any risk of cancer exists or symptoms of cancer are present, regardless of the volume of the bleeding.

A third issue is that of occult bronchogenic carcinoma; that is, positive sputum cytology with a normal chest radiograph. Bronchoscopy is the diagnostic procedure of 
choice in such situations. The majority of lesions are found on the first bronchoscopy. 44 If not, then most can be found on repeated bronchoscopies every three 
months.44 If repeat bronchoscopy is needed, computed tomography may be useful to indicate suspicious areas, 58,59 although computed tomography is not sensitive to 
submucosal disease.56 In unusual circumstances, bronchography may also be helpful. 60 In any case, most occult tumors not found on the initial bronchoscopy are 
carcinomas in situ, or minimally invasive tumors that have a good prognosis even when diagnosed up to 5 years after the initial positive sputum cytology. 44 Some 
experimental techniques involving fluorescence bronchoscopy may, however, provide more rapid accurate localization in the future (see also Chapter 22, Chapter 
24).

A final special issue is the role of bronchoscopy in patients with pneumonia. Bronchoscopy is commonly believed to be indicated in nonresolving segmental or lobar 
pneumonia to detect an endobronchial obstruction. One study of patients with community-acquired pneumonia found an incidence of bronchogenic carcinoma of 14% 
in patients over age fifty on early bronchoscopy. 61 Again, the optimal timing of bronchoscopy has not been examined.

STAGING

Proximal Extent

It has long been known that the proximal extent of bronchogenic carcinoma influences resectability, 2,62 yet this aspect of staging is often neglected in routine 
diagnostic bronchoscopies and determined instead at the time of surgery. In some cases, surgery may not be indicated if the tumor has spread too centrally. Carinal 
biopsy has been shown to be useful in the presence of endobronchial tumor, even when the carina itself appears visually normal. 62 Approximately 5% of so-called 
blind carinal biopsies are positive in the presence of a central endobronchial tumor. 63,64 Although the incidence of positive blind biopsies is not particularly high, the 
biopsy procedure is brief with very little risk, and the implications of a positive biopsy are important.

A second important aspect of determining proximal spread is the assessment of submucosal involvement in the more distal airways. Biopsy of the next proximal 
bronchus to the bronchus containing an endobronchial mass has been found to be useful in determining resectability and was often done through rigid 
bronchoscopes,1,65 but the procedure has not been popular with fiberoptic bronchoscopy for unclear reasons. More recently, transbronchial needle aspiration has 
been found to be useful and to compare favorably with surgical findings in assessing proximal submucosal spread of endobronchial tumors. 51

Second Lesions

A careful search for second lesions should be part of a diagnostic bronchoscopy for lung cancer. Although the incidence of second lesions in the presence of solitary 
pulmonary nodules may not be high (see previous section, Diagnosis, Special Issues), second lesions seem to occur with some frequency in patients presenting with 
occult carcinoma43,44 and endobronchial primaries. Such a search is particularly important because chest radiographs are unlikely to detect endobronchial tumors until 
secondary signs of obstruction occur. In fact, even complete endobronchial obstruction may not be associated with radiographic signs of obstruction in up to 44% of 
patients.66

Mediastinal Staging

Transbronchial needle aspiration has enlarged the scope of bronchoscopy to include assessment of mediastinal adenopathy. Paratracheal, subcarinal, hilar, and 
aorticopulmonary window nodes can all be accessed through the flexible bronchoscope. The technique is similar regardless of the location. Similar to submucosal 
aspirates, the needle should be advanced proximal to the site to be aspirated, and the sheath should be pulled back to support the body of the device in the channel 
of the bronchoscope. The needle should then be moved to the area of interest determined either by the physical appearance of the area or by the suspicion of 
adenopathy based on chest radiographs or computed tomography. The needle should be firmly placed against the tissue to be aspirated to anchor it before advancing 
it with a jabbing motion into the deeper layers. 67 Aspiration is then performed while moving the needle back and forth within the tissue.

The most common problem with the transbronchial needle technique seems to be inadequate insertion of the needle in the tissue of interest. Because the insertion 
maneuver tends to push the distal tip of the bronchoscope back from the needle device, the operator can be too far from the needle to accurately determine its 
position. As a result, it is helpful to slide the bronchoscope over the needle to remain close enough to determine the depth of penetration. If the needle has not 
adequately penetrated, one simple maneuver is extremely helpful. With the needle embedded shallowly in the tissue, having the patient gently cough usually pushes 
the needle fully into the involved tissue. 68

Aspiration of paratracheal lesions can also be problematic. It has been suggested that the needle should be passed perpendicular to the tracheal wall, 69 but this 
maneuver is often difficult to achieve. In practice, if the aspirating needle is long enough (approximately 1.3 cm), it can adequately penetrate the tracheal wall to 
sample surrounding nodes, even at an oblique angle. The needle must, however, be anchored between tracheal rings, rather than abutted against cartilage, before 
attempting to advance it. One technique that may be helpful in improving the angle of entry to the wall is to partially impale the needle at an oblique angle. Slowly 
advance the bronchoscope distally as the angle of the needle turns toward the wall, then advance the remainder of the needle and perform the aspiration as 
previously described. The coughing maneuver is almost essential to penetration of the tracheal wall. Again, it is important to confirm that the needle is adequately 
advanced in the site before performing the aspiration.

Various needle devices are available and suitable for transbronchial, transtracheal, or transcarinal aspiration. The length of the needle is important. Needles 1 cm in 
length tend to be inadequate, whereas 1.3 cm appears optimal. The needle gauge may also be important. Although good results have been reported with a 20-gauge 
(or 21-gauge thin-walled) needle, 70, larger gauge needles (18- or 19-gauge) offer the advantage of histologic specimens in addition to cytologic specimens and may 
increase the diagnostic yield of the procedure. 71,72,73,74 and 75 At least one study75 has compared a 22-gauge needle to a 19-gauge needle in the same patients and 
found the 19-gauge needle superior in diagnostic yield (86% versus 53%).

The overall yield of bronchoscopic needle aspiration probably depends on the patient population and the screening procedures employed in determining the need for 
the aspiration. Studies in which all patients with suspected bronchogenic carcinoma undergo transcarinal needle aspiration have found an overall yield of 15%. 70,76 
Using selective criteria can increase the yield. Limiting transcarinal aspirations to patients with either endobronchial lesions or a widened carina increased the 
specificity of the aspirate to 25% to 40%, respectively. 70 Computed tomographic evidence of mediastinal adenopathy appears to provide the greatest specificity. Using 
computed tomography to determine the need for mediastinal aspirates, most studies are able to detect approximately two-thirds of the true positive nodes in patients 
with bronchogenic carcinoma.30,68,75,77,78 and 79 These yields have been similar in routine use of the procedure (outside of protocol studies) in community-based 
hospitals80 and teaching hospitals.81 These yields are sufficiently high to be able to spare a significant number of patients with unresectable disease the risk and 
expense of more invasive staging procedures.70 Newer techniques for guiding bronchoscopic needle aspiration are now available with limited data supporting their 
use. Endoscopic ultrasound and virtual bronchoscopy may be particularly useful for this purpose.

Although false-positive results have rarely been reported with mediastinal bronchoscopic aspirations, 82,83 and 84 care must be taken to avoid them because they could 
adversely influence therapeutic decisions. Simple measures include avoidance of the primary tumor prior to sampling the mediastinal nodes to prevent contamination 
of the bronchoscope channel by tumor cells. If the patient has a positive sputum cytology, it may be safest not to perform mediastinal aspiration because its 
interpretation could be difficult if it were positive. Similarly, if secretions well up from the lower airways, covering the area to be aspirated, the chances of 
contamination are too great to perform the aspirate. In all cases, adequacy of cellularity should be assessed by the cytopathologist. A specimen with a few 
free-floating malignant cells may not be reasonably distinguishable from contamination. Whenever significant doubt about the adequacy of the aspirate exists, 
conventional staging should be used rather than make a possibly inappropriate therapeutic decision.

One additional role of mediastinal aspiration is the primary diagnosis of small cell carcinoma. Mediastinal aspiration is often the only diagnostic sample in 
bronchoscopic examination of patients presenting with bulky central disease in small cell carcinoma without evident endobronchial lesions. 30



EVALUATION OF THERAPY

A less common application of the diagnostic capabilities of fiberoptic bronchoscopy in bronchogenic carcinoma is in the evaluation of treatment efficacy. This 
application has been studied in patients with small cell carcinoma in comparing bronchoscopic findings during and after treatment to chest radiographic findings in 
patients whose presenting disease was endobronchial. 36,85,86 and 87 All studies have found that a significant percentage (25% to 35%) of patients have radiographic 
clearing but still have endoscopically evident disease. These findings are, perhaps, not surprising considering the high percentage of patients who can have major 
endobronchial obstruction without radiographic signs of obstruction. 66 More subtle changes would be even less likely to be detectable by chest radiography.

The role of computed tomography in relation to bronchoscopy in this patient population has not been reported, but it is likely to have some limitations as well because 
it tends to be less sensitive than bronchoscopy to the detection of submucosal disease 56 or small endobronchial lesions. The utility of bronchoscopy in evaluating 
treatment of patients with non–small cell carcinoma also remains to be studied. Again, it seems probable that it would be similarly useful.

ENDOSCOPIC THERAPEUTIC INTERVENTION

Through recent technologic advancements and renewed interest in older techniques, several therapeutic procedures may be performed to palliate central airway 
obstruction, including laser photoresection, stent placement, cryotherapy, brachytherapy, balloon dilation, and photodynamic therapy. Because many of these topics 
are discussed elsewhere in this textbook, we focus on stents and cryotherapy.

Stents

The deployment of stents to maintain luminal patency is a concept borrowed from vascular and biliary interventional experiences. Early attempts to maintain airway 
caliber in patients with subglottic stenosis involved modifications of endotracheal tubes and the development of the Montgomery T-Tube. 88 This T-shaped silicone 
tube requires a permanent tracheotomy and a dual-operator rigid deployment technique. Surgical implantation of a silicone-based Neville stent was also performed in 
segments of stenosis and malacia.89 It was sutured in place during thoracotomy.

With improved vascular stenting techniques and the development of metallic alloys, airway stenting gained popularity. Stents were deployed using fluoroscopic 
guidance and a balloon dilated to the appropriate luminal size. Self-expandable stents such as the Gianturco (Cook Inc., Bloomington, Indiana) became the standard 
metal stent used in the airway. These stents, however, were permanent and associated with complications, including airway perforation, hemorrhage, fistula 
formation, and plugging with tumor growth and secretion. 90 Interest in the development of a stent that would maintain airway caliber, be easily deployed, and minimize 
complications has lead to the numerous present-day stents, which can be grouped into three major classes: silicone, metallic alloys, and hybrid stents.

Silicone stents were developed initially as modifications of the Montgomery T-Tube. The addition of a carinal branch, 91 modifications in size, shape, and flexibility, 92 
and newer deployment techniques increased usage in patients with central airway obstruction. Deployment techniques involved fitting the stent over a smaller 
endotracheal tube or rigid bronchoscope, pushing the stent through the vocal cords, and then fitting it into place with a larger caliber tube. The pitfalls of this 
technique included laryngeal and vocal chord damage, submaximal dilation, and smaller stent placement.

Dumon designed a patented silicone stent (Axion, Aubagne, France, distribution Bryan Corp., Woburn, Massachusetts) to palliate both malignant and benign airway 
obstruction.93 Regularly placed surface studs allow for anchoring in the tracheobronchial tree and limit the surface contact to minimize mucosal ischemia. The 
development of a patented tube-pusher delivery system (i.e., EFER, La Ciotat, France) addressed many of the pitfalls of early silicone stent deployment. The 
technique involves loading the folded stent into an introducer, placing the introducer through the barrel of a rigid bronchoscope, and expelling the stent with a tube 
pusher while slowly withdrawing the rigid bronchoscope.

The Dumon group placed more than 502 stents between 1987 and 1992.94 Indications for stent placement were predominantly malignant airway disease and stenosis. 
Central airways (trachea, right and left mainstem bronchi) were the main sites stented. The mean stent duration was 14.18 months for benign disease and 3.35 
months for malignant disease. Complications included migration (8.8%), granuloma (8.5%), and obstruction by secretions (4.8%). The advantages of the Dumon stent 
are that it provides extensive airway support and is easily removed. The disadvantages are that it is a thick tube, which limits the luminal diameter, has the potential to 
migrate, and requires rigid bronchoscopic deployment.

The two most popular metallic mesh stents are the Wallstent and the Ultraflex (Microvasive, Boston Scientific). The Wallstent is made of a cobalt super alloy woven 
into a cylindrical wire mesh. The deployment apparatus consists of a compressed elongated stent covered by an outer sheath attached to a valve body. The area to 
be stented is fluoroscopically labeled with surface markers. After a guidewire is bronchoscopically placed through the desired segment, the bronchoscope is removed, 
leaving the guidewire in place. The stent is loaded over the guidewire until the markers on the stent correlate with the surface markers. Because the Wallstent is 
compressed and elongated, shortening needs to be considered as the stent is deployed. The deployment technique consists of pulling back the valve body while 
observing fluoroscopically. Some bronchoscopists reinsert the bronchoscope and visualize the stent deployment. After half of the stent is deployed, positioning should 
be reevaluated prior to completing the deployment.

The Wallstent has sharp, pointy edges that may result in granulation tissue formation. Because the compressed stent is longer than the deployed stent, malposition is 
a potential complication. The Wallstent is also permanent and does not allow for repositioning once deployed. Tumor growth through the walls and limitation of 
mucociliary clearance may result in potential obstruction.

The Ultraflex stent is composed of a nitinol single strand with looped edges. Although plagued by many of the same complications as the Wallstent, it has some 
theoretical advantages. The smooth edges may cause less granulation tissue formation. The memory properties of the nitinol allow for the compressed stent to be the 
same length as the expanded stent, which may lead to more accurate placement. By grasping the string edge, the stent may be repositioned even after deployment. 
Once epithelialization occurs, however, the stent is not movable.

Hybrid stents represent a combination of silastic and metallic stents. Wallstents and Ultraflex stents are available coated, in an attempt to decrease tumor growth 
through the wire-mesh structure. This feature may expand the potential use of these stents to support the airway when small fistula exist. Another hybrid stent called 
the Dynamic-Y-Stent has theoretical advantages favoring its use. It has both a tracheal and bronchial component that can be trimmed according to the individual 
airway characteristics. The posterior tracheal component is thin and collapsible, allowing for changes in airway caliber with respiration and cough, which may facilitate 
mucous clearance and decrease the risk of secretion accumulation. The anterior tracheal component is supported with metal rings, simulating cartilage. Potential 
uses for this stent include complex airway lesions, lesions involving the carina, diffuse malacia, and airway fistula.

Unfortunately, no controlled, randomized, comparative studies for stent placement have been conducted. The data for metallic stents are limited to small patient 
groups, poorly controlled with the lack of long term follow-up; therefore, no consensus exists regarding stent selection for a specific airway lesion. Until large, 
prospective, randomized studies are performed, we are left with expert opinion as our only guide to many therapeutic airway interventions.

Cryotherapy

Cryotherapy is the therapeutic application of extreme cold for local destruction of living tissue. Historically, its use in the treatment of malignancy dates back to 1848, 
when James Arnott used cold application to palliate uterine carcinoma. Endoscopic cryotherapy is relatively new, made possible by recent improvements in 
bronchoscopic equipment and the development of cryotherapy probes for direct application. Cryotherapy utilizes the reverse principles of cryogenics, which preserves 
cellular function. It induces selective cell necrosis by rapidly cooling tissue, typically at a rate less than -30° Celsius per minute, and by slowly thawing the tissue after 
a prolonged freeze time. Necrosis results from crystallization, cellular dehydration, and structural disruption followed by microthrombi formation.

Cryoprobes are utilized to directly administer cold to a specific location. The probe may be rigid, semirigid, or flexible. The rigid and semirigid probes can only be used 
through a rigid bronchoscope, whereas the flexible probes fit down the working channel of a flexible bronchoscope. The cryogen (cooling agent) used is typically 
nitrous oxide, although carbon dioxide and hydrocarbons are also effective. Capillary tubes inside the cryoprobe transfer the cryogen to the tip of the probe, where it 
expands from high pressure to atmospheric pressure. The gas expansion lowers the temperature of the fluid (the Joule effect) and produces droplets. This effect 



allows for direct, low-temperature application at the tip of the probe, producing temperatures of -30° Celsius or lower.

Patient selection for cryotherapy requires an endoscopically visible lesion that is accessible to the bronchoscopist. The cryoprobe is inserted through the working 
channel and is advanced approximately 4 mm distal to the tip of the bronchoscope. The probe is applied to the lesion as the foot pedal is depressed, beginning the 
freeze cycle. Within fifteen seconds, an ice ball forms at the probe tip. One to three freeze-thaw cycles are applied to the tumor area, with each freeze lasting for one 
minute. At the end of each freeze cycle, the ice ball is observed until thawing is complete before the probe is removed. Gentle tugging of the probe safely facilitates 
removal.

The thrombotic and coagulation effects of cryotherapy are delayed, requiring approximately twenty-four to forty-eight hours. Thus debulking at the time of initial 
application is avoided because the tumor's vascular supply is intact and massive hemorrhage may result. Because cryotherapy may cause tissue swelling and edema, 
it is recommended that cryotherapy not be initially used for critical airway lesions that could obstruct completely.

Endoscopic cryotherapy is an excellent modality for the symptomatic improvement of malignant tracheobronchial lesions. More than 600 patients were treated with 
cryotherapy for malignant tracheobronchial lesions at the Harefield Hospital in Northern London. Overall, 78% noted subjective improvement. For those patients 
presenting with dyspnea, cough, hemoptysis, and stridor, approximately two-thirds noted improvement in their symptoms. 95

EXPERIMENTAL TECHNIQUES AND FUTURE APPLICATIONS

Routine Bronchoscopy Interestingly, new nonbronchoscopic technology may expand the role of standard fiberoptic bronchoscopy with forceps biopsy. Studies are 
beginning to emerge, demonstrating the adequacy of standard forceps biopsy sample for various genetic analyses, such as detection of p53 96 and the analysis of 
DNA content.97 Others have explored the utility of BAL in the detection of several possibly significant markers for the diagnosis of lung cancer. 98,99 and 100

Fluorescence Bronchoscopy

Fluorescence bronchoscopy emerged from the need to detect more subtle presentations of bronchogenic carcinoma, such as minimally invasive disease or carcinoma 
in situ, or to detect proximal submucosal spread of endobronchial disease for adequate staging. The bulk of the work has been done using a fluorescence-enhancing 
agent, a hematoporphyrin derivative (HpD), to concentrate a fluorescing agent in neoplastic tissue. HpD is injected intravenously and picked up by actively dividing 
tissue, including inflammatory tissue. After 3 days, it tends to concentrate in neoplastic or severely dysplastic cells. When exposed to an appropriate wavelength, 
usually delivered by a laser, the tissue concentrating the HpD produces a characteristic fluorescence. 101,102 This technique has also been used to treat carcinoma in 
situ and to debulk main airway obstruction. Oxidation reactions occur on treated surfaces, causing tissue destruction and tumor slough (see also Chapter 24). This 
technique is clearly capable of detecting lesions not visible by standard white light bronchoscopy, 103,104 but it has not become commonly applied. Possible reasons 
include the expense of the equipment and potential complications of HpD, mainly severe, prolonged photosensitivity. 106

A newer technique, autofluorescence bronchoscopy, utilizes the well-known autofluorescence properties of neoplastic tissue 106,107,108 and 109 to achieve the same end. 
Neoplastic tissue fluorescs without a fluorescence-enhancing agent when exposed to the proper wavelengths. Detecting the fluorescence requires sophisticated 
image analysis and amplification. Using this technique, investigators have determined that autofluorescence bronchoscopy is 50% more sensitive than white light 
bronchoscopy in detecting severe dysplasia and carcinoma in situ.110,111 and 112 A recent multicenter clinical trial was conducted in seven institutions in the United 
States and Canada, comparing white light bronchoscopy and fluorescence examination in 173 subjects with known or suspected lung cancer. Biopsy specimens taken 
from suspicious areas revealed that the relative sensitivity of white light bronchoscopy plus fluorescence endoscopy versus white light bronchoscopy alone was 6.3 
for intraepithelial malignancy. 113

Fluorescence endoscopy has great potential for detecting occult carcinoma and determining the true proximal spread of endobronchial disease. Further applications 
may include airway surveillance in high-risk patients, such as those in chemoprevention protocols or who have been previously treated for bronchogenic carcinoma 
(see also Chapter 24).

Ultrasound Bronchoscopy

Endoscopic applications of ultrasonography have been developed for intravascular use and are now beginning to be evaluated in the airways. The technique appears 
capable of detecting peripheral carcinomas, endobronchial tumors, mediastinal lymph nodes down to 3 mm in size, and hilar lesions. 114,115 and 116 It also has utility in 
determining the depth of tumor involvement in patients with carcinoma in situ.117 Its greatest utility may be in improving diagnostic yields from bronchoscopic needle 
aspiration and decreasing the number of aspirates required. One study using on-site cytopathologic diagnosis found that bronchoscopic needle aspirations required 
fewer passes to diagnose carcinomas in paratracheal nodes. It will be interesting to see if the technique enhances diagnostic yields by providing better localization, 
particularly in peripheral carcinoma. Limitations to performing endoscopic ultrasound include equipment expense, appropriate training, technical difficulties in 
obtaining an adequate acoustic window, and the presence of anthracosilicosis. 115

Virtual Bronchoscopy

Virtual bronchoscopy has emerged with the advent of improved techniques in thoracic imaging. Volumetric data acquisition offered by helical computed tomography 
has permitted the creation of computer-generated, three-dimensional surface renderings of the tracheobronchial tree. The ability to perform computer-simulated 
endoscopy has great potential in all facets of bronchoscopy. In preliminary studies, computer-simulated endoscopy accurately reflects major endobronchial anatomy 
when compared to standard bronchoscopy.118 It is particularly useful in the diagnosis of high-grade stenosis, extraluminal compression, 119 and polypoid endobronchial 
lesions greater than 5 mm in diameter.120 The technology is still, however, in developmental stages and awaits careful scientific scrutiny. Potential applications include 
guidance for bronchoscopic needle aspiration, improved diagnostic yields for peripheral carcinoma, precise airway measurements to plan stent placement and balloon 
dilation, and vascular localization to plan laser photoresection, cryotherapy, and electrocautery.

A DIAGNOSTIC APPROACH

Bronchoscopic diagnosis and staging of lung cancer can be approached systematically and tailored to the individual presentation. Patients presenting with 
endobronchial lesions should undergo biopsy of the primary lesion, a search for second lesions, and evaluation of the proximal spread of disease by submucosal 
aspirate of the proximal bronchus and biopsy of the carina. If computed tomography indicates the presence of significant adenopathy, bronchoscopic needle 
aspiration of the involved nodes (if accessible) can be performed during the initial diagnostic procedure.

Peripheral mass lesions can be sampled under fluoroscopic guidance by transbronchial biopsy, brushing, and transbronchial needle aspiration. BAL also appears to 
be very useful. Again, computed tomography can be used to guide aspiration of significant mediastinal adenopathy, and second lesions should be looked for routinely 
as part of the initial examination.

Similar to all procedures, their use should be conditioned by the individual case as well as the local skills and results of the operator. The patient's input is also 
important. Some patients would strongly prefer not to undergo more than one procedure, so that surgery, particularly for a solitary pulmonary nodule, may be 
appropriate without a preoperative diagnosis. Others may not consider surgery until a diagnosis of malignancy is clearly established. Here is where the art of medicine 
must merge with the statistics of procedure results to determine the best approach. Similarly, with the relatively new field of endoscopic palliative therapy, we must 
plan our therapeutic approaches with the individual clinical situation and anatomy in mind. We hope clearer guidelines will evolve with increasing clinical experience 
with these techniques.

CHAPTER REFERENCES

1. Cotton RE The bronchial spread of lung cancer. Br J Dis Chest 1959;53:142. 
2. Rabin CB, Selikoff IR, Kramer R. Paracarinal biopsy in evaluation of operability of carcinoma of the lung. Arch Surg 1952;65:822. 
3. Rabinovitch J, Hochberg LA, Lederer M. Primary (bronchogenic) carcinoma of the lung. J Thoracic Surg 1940;9:332. 
4. Caputi M, Filippo ADI, Ferraro G, et al. Endobronchial aspects of pulmonary neoplasia. Pan Med 1986;28:195. 
5. Popovich J, Jr., Kvale PA, Eichenhorn MS, et al. Diagnostic accuracy of multiple biopsies from flexible fiberoptic bronchoscopy. Am Rev Respir Dis 1982;125:521. 



6. Shure D, Astarita RW. Bronchogenic carcinoma presenting as an endobronchial mass. Optimal number of biopsy specimens for diagnosis. Chest 1983;83:865. 
7. Lundgren R, Bergman F, Angstrom T. Comparison of transbronchial fine needle aspiration biopsy, aspiration of bronchial secretion, bronchial washing, brush biopsy and forceps biopsy in the 

diagnosis of lung cancer. Eur J Respir Dis 1983;64:378. 
8. Givens CD, Marini JJ. Transbronchial needle aspiration of a bronchial carcinoid tumor. Chest 1985;88:152. 
9. Shure D, Fedullo PF. Transbronchial needle aspiration in the diagnosis of peribronchial and submucosal bronchogenic carcinoma. Chest 1985;88:49. 

10. Schmidt JA, Mizel SB, Cohen D, et al. Interleukin 1, a potential regulator of fibroblast proliferation. J Immunol 1982;128:2177. 
11. Shure D. Fiberoptic bronchoscopy—diagnostic applications. Clin Chest Med 1987;8:1. 
12. Harkin TJ, Ciotoli C, Addrizzo-Harris DJ, et al. Transbronchial needle aspiration (TBNA) in patients infected with HIV. Am J Respir Crit Care Med 1998;157:1913. 
13. Leonard C, Tormey VJ, O'Keane C, et al. Bronchoscopic diagnosis of sarcoidosis [see comments]. Eur Respir J 1997;10:2722. 
14. Haponik EF, Shure D. Underutilization of transbronchial needle aspiration—Experiences of current pulmonary Fellows. Chest 1997;112:251. 
15. Haponik EF, Cappellari JO, Chin R, et al. Education and experience improve transbronchial needle aspiration performance. Am J Respir Crit Care Med 1995;151:1998. 
16. Cortese DA, McDougall JC. Biopsy and brushing of peripheral lung cancer with fluoroscopic guidance. Chest 1979;75:141. 
17. Ellis JH, Jr. Transbronchial lung biopsy via the fiberoptic bronchoscope. Experience with 107 consecutive cases and comparison with bronchial brushing. Chest 1975;68:524. 
18. Hanson RR, Zavala DC, Rhodes ML, et al. Transbronchial biopsy via flexible fiberoptic bronchoscope: result in 164 patients. Am Rev Respir Dis 1976;114:67. 
19. Fletcher EC, Levin DC. Flexible fiberoptic bronchoscopy and fluoroscopically guided transbronchial biopsy in the management of solitary pulmonary nodules. West J Med 1982;136:477. 
20. Shure D, Fedullo PF. Transbronchial needle aspiration of peripheral masses. Am Rev Respir Dis 1983;128:1090. 
21. Stringfield JT, Markowitz DJ, Bentz RR, et al. The effect of tumor size and location on diagnosis by fiberoptic bronchoscopy. Chest 1977;72:474. 
22. Radke JR, Conway WA, Eyler WR, et al. Diagnostic accuracy in peripheral lung lesions. Chest 1979;76:176. 
23. Wang KP, Haponik EF, Britt EJ, et al. Transbronchial needle aspiration of peripheral pulmonary nodules. Chest 1984;86:819. 
24. Bilaçeroglu S, Kumcuoglu Z, Alper H, et al. CT bronchus sign-guided bronchoscopic multiple diagnostic: procedures in carcinomatous solitary pulmonary nodules and masses. Respiration 

1998;65:49. 
25. Wood DA, Miller M. The role of the dual pulmonary circulation in various pathologic conditions of the lung. J Thoracic Surg 1938;7:649. 
26. Cortese DA, McDougall JC. Bronchoscopic biopsy and brushing with fluoroscopic guidance in nodular metastatic lung cancer. Chest 1981;79:610. 
27. Mohsenifar Z, Chopra SK, Simmons DH. Diagnostic value of fiberoptic bronchoscopy in metastatic pulmonary tumors. Chest 1978;74:369. 
28. Tanaka M, Kawanami O, Satoh M, et al. Endoscopic observation of peripheral airway lesions. Chest 1988;93:228. 
29. Ono R, Loke J, Ikeda S. Bronchofiberscopy with curette biopsy and bronchography in the evaluation of peripheral lung lesions. Chest 1981;79:162. 
30. Gay PC, Brutinel WM. Transbronchial needle aspiration in the practice of bronchoscopy. Mayo Clin Proc 1989;64:158. 
31. de Gracia J, Curull V, Vidal R, et al. Diagnostic value of bronchoalveolar lavage in suspected pulmonary tuberculosis. Chest 1988;93:329. 
32. Levy H, Horak DA, Lewis MI. The value of bronchial washings and bronchoalveolar lavage in the diagnosis of lymphangitic carcinomatosis. Chest 1988;94:1028. 
33. Pirozynski M. Bronchoalveolar lavage in the diagnosis of peripheral, primary lung cancer [see comments]. Chest 1992;102:372. 
34. Rennard SI, Spurzem JR. Bronchoalveolar lavage in the diagnosis of lung cancer [editorial; comment]. Chest 1992;102:331. 
35. Stover DE, Zaman MB, Hajdi SI, et al. Bronchoalveolar lavage in the diagnosis of diffuse pulmonary infiltrates in the immunosuppressed host. Ann Intern Med 1984;107:1. 
36. Tondini M, Rizzi A. Small-cell lung cancer: importance of fiberoptic bronchoscopy in the evaluation of complete remission. Tumori 1989;75:266. 
37. Shiner RJ, Rosenman J, Katz I, et al. Bronchoscopic evaluation of peripheral lung tumours. Thorax 1988;43:887. 
38. Shure D, Moser KM, Konopka R. Transbronchial needle aspiration in the diagnosis of pneumonia in a canine model. Am Rev Respir Dis 1985;131:290. 
39. Torrington KG, Kern JD. The utility of fiberoptic bronchoscopy in the evaluation of the solitary pulmonary nodule. Chest 1993;104:1021. 
40. Wallace JM, Catanzaro A, Moser KM, et al. Flexible fiberoptic bronchoscopy for diagnosing pulmonary coccidioidomycosis. Am Rev Respir Dis 1981;123:286. 
41. Klinke F, Hohenberger E, Clarins P, et al. The multiple primary lung carcinoma. Pan Med 1986;28:321. 
42. Kono M, Fujii M, Adachi S, et al. Multiple primary lung cancers: radiographic and bronchoscopic diagnosis. J Thorac Imaging 1993;8:63. 
43. Saito Y, Nagamoto N, Ota S, et al. Results of surgical treatment for roentgenographically occult bronchogenic squamous cell carcinoma. J Thorac Cardiovasc Surg 1992;104:401. 
44. Woolner LB, Fontana RS, Cortese DA, et al. Roentgenographically occult lung cancer: pathologic findings and frequency of multicentricity during a 10-year period. Mayo Clin Proc 1984;59:453. 
45. Goldberg SK, Walkenstein MD, Steinbach A, et al. The role of staging bronchoscopy in the preoperative assessment of a solitary pulmonary nodule. Chest 1993;104:94. 
46. Cummings SR, Lillington GA, Richard RJ. Managing solitary pulmonary nodules. The choice of strategy is a “close call.” Am Rev Respir Dis 1986;134:453. 
47. Adelman M, Haponik EF, Bleecker ER, et al. Cryptogenic hemoptysis. Clinical features, bronchoscopic findings, and natural history in 67 patients. Ann Intern Med 1985;102:829. 
48. Heaton RW. Should patients with haemoptysis and a normal chest X-ray be bronchoscoped? Postgrad Med J 1987;63:947. 
49. Jackson CV, Savage PJ, Quinn DL. Role of fiberoptic bronchoscopy in patients with hemoptysis and a normal chest roentgenogram. Chest 1985;87:142. 
50. Lederie FA, Nichol KL, Parenti CM. Bronchoscopy to evaluate hemoptysis in older men with nonsuspicious chest roentgenograms. Chest 1989;95:1043. 
51. York EL, Jones RL, King EG, et al. The value of submucous needle aspiration in the prediction of surgical resection line of bronchogenic carcinoma. Chest 1991;100:1028. 
52. O'Neil KM, Lazarus AA. Hemoptysis. Indications for bronchoscopy. Arch Intern Med 1991;151:171. 
53. Poe RH, Israel RH, Marin MG, et al. Utility of fiberoptic bronchoscopy in patients with hemoptysis and a nonlocalizing chest roentgenogram. Chest 1988;93:70. 
54. Santiago SM, Lehrman S, Williams AJ. Bronchoscopy in patients with haemoptysis and normal chest roentgenograms. Br J Dis Chest 1987;81:186. 
55. Weaver LJ, Solliday N, Cugell DW. Selection of patients with hemoptysis for fiberoptic bronchoscopy. Chest 1979;76:7. 
56. Set PA, Flower CD, Smith IE, et al. Hemoptysis: comparative study of the role of CT and fiberoptic bronchoscopy. Radiology 1993;189:677. 
57. Johnston H, Reisz G. Changing spectrum of hemoptysis. Underlying causes in 148 patients undergoing diagnostic flexible fiberoptic bronchoscopy. Arch Intern Med 1989;149:1666. 
58. Foster WL, Jr., Roberts L, Jr., McLendon RE, et al. Localized peribronchial thickening: a CT sign of occult bronchogenic carcinoma. Am J Roentgenol 1985;144:906. 
59. Naidich DP, Lee JJ, Garay SM, et al. Comparison of CT and fiberoptic bronchoscopy in the evaluation of bronchial disease. Am J Roentgenol 1987;148:1. 
60. Brown SD, Foster WL. Localization of occult bronchogenic carcinoma by bronchography. Chest 1991;100:1160. 
61. Gibson SP, Weir DC, Burge PS. A prospective audit of the value of fibre optic bronchoscopy in adults admitted with community acquired pneumonia. Respir Med 1993;87:105. 
62. Waltner JG. Inoperability of carcinoma of the lung established by carinal biopsy. Ann Otol Rhinol Laryngol 1961;70:1165. 
63. Suratt PM, Smiddy JF, Gruber B. Deaths and complications associated with fiberoptic bronchoscopy. Chest 1976;69:747. 
64. Shure D, Fedullo PF, Plummer M. Carinal forceps biopsy via the fiberoptic bronchoscope in the routine staging of lung cancer. West J Med 1985;142:511. 
65. Griess DF, McDonald JR, Clagett OT. The proximal extension of carcinoma of the lung in the bronchial wall. J Thoracic Surg 1945;14:362. 
66. Shure D. Radiographically occult endobronchial obstruction in bronchogenic carcinoma. Am J Med 1991;91:19. 
67. Shure D. Transbronchial biopsy and needle aspiration. Chest 1989;95:1130. 
68. Schenk DA, Bower JH, Bryan CL, et al. Transbronchial needle aspiration staging of bronchogenic carcinoma. Am Rev Respir Dis 1986;134:146. 
69. Wang KP, Gupta PK, Haponik EF, et al. Flexible transbronchial needle aspiration. Technical considerations. Ann Otol Rhinol Laryngol 1984;93:233. 
70. Shure D, Fedullo PF. The role of transcarinal needle aspiration in the staging of bronchogenic carcinoma. Chest 1984;86:693. 
71. Wang KP. Flexible transbronchial needle aspiration biopsy for histologic specimens. Chest 1985;88:860. 
72. Wang KP, Fuenning C, Johns CJ, et al. Flexible transbronchial needle aspiration for the diagnosis of sarcoidosis. Ann Otol Rhinol Laryngol 1989;98:298. 
73. Wang KP. Transbronchial needle biopsy for histology specimens [editorial]. Chest 1989;96:226. 
74. Schenk DA, Strollo PJ, Pickard JS, et al. Utility of the Wang 18-gauge transbronchial histology needle in the staging of bronchogenic carcinoma. Chest 1989;96:272. 
75. Schenk DA, Chambers SL, Derdak S, et al. Comparison of the Wang 19-gauge and 22-gauge needles in the mediastinal staging of lung cancer. Am Rev Respir Dis 1993;147:1251. 
76. Versteegh RM, Swierenga J. Bronchoscopic evaluation of the operability of pulmonary carcinoma. Acta Otolaryng 1962;56:603. 
77. Schenk DA, Bryan CL, Bower JH, et al. Transbronchial needle aspiration in the diagnosis of bronchogenic carcinoma. Chest 1987;92:83. 
78. Wang KP, Terry PB, Marsh BR. Bronchoscopic needle aspiration biopsy of paratracheal tumors. Am Rev Respir Dis 1978;118:17. 
79. Wang KP, Terry PB. Transbronchial needle aspiration in the diagnosis and staging of bronchogenic carcinoma. Am Rev Respir Dis 1983;127:344. 
80. Harrow EM, Oldenburg FA, Jr., Lingenfelter MS, et al. Transbronchial needle aspiration in clinical practice. A five-year experience. Chest 1989;96:1268. 
81. Salathë M, Solër M, Bolliger CT, et al. Transbronchial needle aspiration in routine fiberoptic bronchoscopy. Respiration 1992;59:5. 
82. Schenk DA, Chasen MH, McCarty MJ, et al. Potential false positive mediastinal transbronchial needle aspiration in bronchogenic carcinoma. Chest 1984;86:649. 
83. Cropp AJ, DiMarco AF, Lankerani M. False-positive transbronchial needle aspiration in bronchogenic carcinoma. Chest 1984;85:696. 
84. Lodi M, Susa A, Cavallini G. False positive diagnosis of bronchogenic carcinoma based on bronchoscopic brushing and sputum cytology. A surgical point of view. Ital J Surg Sci 1988;18:385. 
85. Ihde DC, Cohen MH, Bernath AM, et al. Serial fiberoptic bronchoscopy during chemotherapy for small cell carcinoma of the lung. Chest 1978;74:531. 
86. Bye PTP, Harvey HPB, Woolcock AJ, et al. Fibre-optic bronchoscopy in small cell lung cancer: finding pre and post chemotherapy. Aust NZ J Med 1980;10:397. 
87. Wang JS, Lia SL, Perng RP. Importance of fiberoptic bronchoscopy before and during chemotherapy for small cell carcinoma of the lung in the evaluation of complete remission. Chung Hua I 

Hsueh Tsa Chih (Taipei). 1991;48:41. 
88. Montgomery WW. T-tube tracheal stent. Arch Otolaryngol 1965;82:320. 
89. Neville WE, Hamouda F, Andersen J, et al. Replacement of the intrathoracic trachea and both stem bronchi with a molded Silastic prosthesis. J Thorac Cardiovasc Surg 1972;63:569. 
90. Nashef SA, Dromer C, Velly JF, et al. Expanding wire stents in benign tracheobronchial disease: indications and complications. Ann Thorac Surg 1992;54:937. 
91. Westaby S, Jackson JW, Pearson FG. A bifurcated silicone rubber stent for relief of tracheobronchial obstruction. J Thorac Cardiovasc Surg 1982;83:414. 
92. Duvall AJ, Bauer W. An endoscopically introducible T-tube for tracheal stenosis. Laryngoscope 1977;87:2031. 
93. Dumon JF. A dedicated tracheobronchial stent. Chest 1990;97:328. 
94. Dumon JF, Kovitz K, Dumon MC. Tracheobronchial Stents. In: Feinsilver SH, Fein AM, eds. Textbook of bronchoscopy. Baltimore: Williams and Wilkins, 1995:400. 
95. Maiwand MO, Homasson JP. Cryotherapy for tracheobronchial disorders. Clin Chest Med 1995;16:427. 
96. Mitsudomi T, Lam S, Shirakusa T, et al. Detection and sequencing of p53 gene mutations in bronchial biopsy samples in patients with lung cancer [see comments]. Chest 1993;104:362. 
97. Haneda H, Miyamoto H, Isobe H, et al. Accuracy of the bronchoscopic DNA content analysis of non-small-cell lung carcinoma. J Surg Oncol 1992;49:182. 
98. Yoss EB, Berd D, Cohn JR, et al. Flow cytometric evaluation of bronchoscopic washings and lavage fluid for DNA aneuploidy as an adjunct in the diagnosis of lung cancer and tumors 

metastatic to the lung. Chest 1989;96:54. 
99. Slebos JC, Kibbelaar RE, Dalesio O, et al. K-ras oncogene activation as a prognostic marker in adenocarcinoma of the lung. N Engl J Med 1990;323:561. 

100. LeFever A, Funahashi A. Elevated prostaglandin E2 levels in bronchoalveolar lavage fluid of patients with bronchogenic carcinoma. Chest 1990;98:1397. 
101. Doiron DR, Profio AE, Vincent RG, et al. Fluorescence bronchoscopy for detection of lung cancer. Chest 1979;76:27. 
102. Profio AE, Doiron DR. Laser fluorescence bronchoscope for localization of occult lung tumors. Med Phys 1979;6:523. 
103. Profio AE, Doiron DR. A feasibility study of the use of fluorescence bronchoscopy for localization of small lung tumours. Phys Med Biol 1977;22:949. 
104. Kinsey JH, Cortese DA, Sanderson DR. Detection of hematoporphyrin fluorescence during fiberoptic bronchoscopy to localize early bronchogenic carcinoma. Mayo Clin Proc 1978;53:594. 
105. Deal CW, Louis E, Kerth WJ, et al. A method for measuring precapillary bronchopulmonary artery blood flow. Ann Thorac Surg 1967;3:365. 
106. König K, Dietel W, Schubert H. In vivo autofluorescence investigations on animal tumors. Neoplasma 1989;36:135. 
107. Harris DM, Werkhaven J. Endogenous porphyrin fluorescence in tumors. Lasers Surg Med 1987;7:467. 
108. Yang YL, Ye YM, Li FM, et al. Characteristic autofluorescence for cancer diagnosis and its origin. Lasers Surg Med 1987;7:528. 
109. Kluftinger AM, Davis NL, Quenville NF, et al. Detection of squamous cell cancer and pre-cancerous lesions by imaging of tissue autofluorescence in the hamster cheek pouch model. Surg 

Oncol 1992;1:183. 



110. Palcic B, Lam S, Hung J, et al. Detection and localization of early lung cancer by imaging techniques. Chest 1991;99:742. 
111. Lam S, MacAulay C, Hung J, et al. Detection of dysplasia and carcinoma in situ with a lung imaging fluorescence endoscope device. J Thorac Cardiovasc Surg 1993;105:1035. 
112. Lam S, MacAulay C, Palcic B. Detection and localization of early lung cancer by imaging techniques. Chest 1993;103:12S. 
113. Lam S, Kennedy T, Unger M, et al. Localization of bronchial intraepithelial neoplastic lesions by fluorescence bronchoscopy. Chest 1998;113:696. 
114. Ono R, Suemasu K, Matsunaka T. Bronchoscopic ultrasonography in the diagnosis of lung cancer. Jpn J Clin Oncol 1993;23:34. 
115. Schüder G, Isringhaus H, Kubale B, et al. Endoscopic ultrasonography of the mediastinum in the diagnosis of bronchial carcinoma. Thorac Cardiovasc Surg 1991;39:299. 
116. Hürter T, Hanrath P. Endobronchial sonography: feasibility and preliminary results. Thorax 1992;47:565. 
117. Becker HD. Endobronchial ultrasound—a new perspective in bronchology. Ultraschall Med 1996;17:106. 
118. Salvolini L, Gasparini S, Baldelli S, et al. [Virtual bronchoscopy: the correlation between endoscopic simulation and bronchoscopic findings]. Radiol Med (Torino.) 1997;94:454. 
119. Rapp-Bernhardt U, Welte T, Budinger M, et al. Comparison of three-dimensional virtual endoscopy with bronchoscopy in patients with oesophageal carcinoma infiltrating the tracheobronchial 

tree. Br J Radiol 1998;71:1271. 
120. Summers RM, Selbie WS, Malley JD, et al. Polypoid lesions of airways: early experience with computer-assisted detection by using virtual bronchoscopy and surface curvature. Radiology 

1998;208:331.



32 INTERNATIONAL STAGING SYSTEM FOR LUNG CANCER

Lung Cancer: Principles and Practice

 32  

INTERNATIONAL STAGING SYSTEM FOR LUNG CANCER
CLIFTON F. MOUNTAIN

Considerations in Staging
 History, Purpose, and General Principles

The International System for Staging Lung Cancer
The Revised International System for Staging Lung Cancer
 Relationship To Clinical and Research Objectives

 Clinical, Surgical-Pathologic, and Retreatment Classifications

 Staging and Cell Type

 TNM Descriptors and Stage Grouping

 Stage IA and Stage IB

 Stage IIA and Stage IIB

 Stage IIIA

 Stage IIIB

 Stage IV

Recommendations for Staging When the Rules Don't Fit
 Discontinuous Tumor Foci in Visceral or Parietal Pleura

 Invasion of the Phrenic Nerve

 Invasion of the Vagus Nerve

 Great Vessels

 Involvement of the Vertebral Body

 Synchronous Multiple Primary Lung Cancers

Regional Lymph Node Classification for Lung Cancer Staging
 Lymph Node Mapping Schema

Summary
Acknowledgements
Chapter References

CONSIDERATIONS IN STAGING

History, Purpose, and General Principles

Physicians have been concerned with the problem of the clinical classification of malignant tumors for half a century. 1 The relationship between prognosis and the 
extent of disease at diagnosis derived initially from observations that crude survival, or apparent recovery, rates were higher for patients in whom the disease was 
localized than for those in whom the disease had extended beyond the organ of origin. This observation gave rise to designating groups of patients as “early” and 
“late” cases, implying, erroneously, some fixed progression with time. In 1944, Denoix 2 first emphasized the need for a flexible, reliable cancer classification system 
based on a generally acceptable description of the facts of a case. He proposed that “the initial descriptions must be definitive, common to all, and based on findings 
which anyone can confirm with as little margin for personal interpretation among surgeons as possible.” From concentration on this common minimum, Denoix and 
colleagues developed the TNM system for describing characteristics of the primary tumor (the “T” component), the status of regional lymph nodes (the “N” 
component), and the presence or absence of distant metastasis (the “M” component). 3 Stage grouping of the TNM anatomic subsets came later, and a uniform clinical 
classification for all cancer sites was subsequently developed by Union Internationale Contre le Cancer (UICC) study groups 4 and special site task forces of the 
American Joint Committee on Cancer (AJCC).5 A twofold purpose of clinical stage classification was defined as follows: First, to facilitate the accurate, concise 
description of the apparent extent of disease in a way that can be readily communicated to others or reproduced by them (the TNM classification), and second, to 
facilitate comparison of differing therapeutic approaches by combining patients with certain common attributes (TNM anatomic subsets) into groups (stages) with 
generally similar prognoses and treatment options. 6 These principles served the clinical and research communities well over the years. Manuals published by the 
UICC7 and 8 and the American Joint Committee AJCC,9 and 10 and the works of others,11,12 and 13 provided guidelines for clinical staging of lung cancer, recommendations 
for histopathologic staging, and data confirming the usefulness of the TNM and stage classifications.

THE INTERNATIONAL SYSTEM FOR STAGING LUNG CANCER

Staging and histologic classifications remain today as major indicators of the curative potential and limitations of available therapy for lung cancer. The value of these 
tools for predicting prognosis still depends on identifying consistent, reproducible patient groups that may be related to the end results of treatment. The International 
System for Staging Lung Cancer14 was developed in response to a need for classification that would unify variations in staging definitions and that would have 
consistent meaning and interpretation among physicians and scientists throughout the world. The system proved effective for this purpose and has been used widely 
since 1986, when it was adopted by the UICC15 and the AJCC.16 In the subsequent decade, after ten years of applying the International System for Staging Lung 
Cancer, a requirement for more specific staging was recognized that (a) would meet clinical and sophisticated research needs, and (b) maintain the integrity of the 
present classification without major change, until diagnostic, treatment, and research advances could have a proven significant effect on prognosis. Two major 
problems emerged: First, heterogeneity existed with respect to the end results for the TNM subsets in stage I, stage II, and stage IIIA disease, and second, 
inconsistency resulted from the use of multiple systems for classifying regional lymph nodes. These problems were addressed with the least possible disruption of the 
International Staging System by revising the stage grouping rules for the TNM anatomic subsets and recommending a new schema for classifying regional lymph 
nodes.17 and 18 The revisions in the staging system and recommendations for regional lymph node mapping were adopted by the UICC and the AJCC in May 1996, and 
have been published in the manuals of both organizations. 19,20 and 21

THE REVISED INTERNATIONAL SYSTEM FOR STAGING LUNG CANCER

The revised staging system (Table 32.1,Table 32.2,Table 32.3,Table 32.4 and Table 32.5) consists of a change in the rules for stage grouping of the TNM anatomic 
subsets and an addition to the T4 and M1 descriptors to aid in classifying metastatic nodules (not lymph node metastasis) in the ipsilateral lung. Data that reconfirms 
the relationship of prognosis to specific disease extent categories 17 supports the revisions in stage grouping. (The data sources and stastistical methods are 
documented in Table 32.6 at the end of this chapter.)

TABLE 32.1. TNM DESCRIPTORS



TABLE 32.2. STAGE GROUPING—TNM SUBSETS

TABLE 32.3. NON–SMALL CELL LUNG CANCER. CUMULATIVE PERCENT OF PATIENTS SURVIVING ACCORDING TO CLINICAL STAGING CRITERIA

TABLE 32.4. NON–SMALL CELL LUNG CANCER. CUMULATIVE PERCENT OF PATIENTS SURVIVING ACCORDING TO SURGICAL-PATHOLOGIC STAGE OF 
DISEASE AND TNM SUBSET

TABLE 32.5. LYMPH NODE MAP DEFINITIONS18

TABLE 32.6. APPENDIX—COLLECTED DATABASE FOR CLASSIFICATION RESEARCH17

Relationship To Clinical and Research Objectives

New prognostic factors for lung cancer are under intensive investigation in many centers throughout the world. Studies of molecular genetic markers, of growth factors 
and receptors, and of pathologic factors, such as angiogenesis and cell proliferation, provide a body of literature that documents good or bad outcomes according to 
the presence or absence of tumor and host factors. 22 and 23 In this milieu of evolving knowledge of the molecular biology of lung cancer—its initiation, growth, and 
metastasis—the stage of disease remains as a benchmark for evaluating the effect on survival durations of new factors derived from the research. 24 and 26 Within the 
next decade, new markers of prognosis and reproducible, cost-effective methodologies undoubtedly will be identified and confirmed; new approaches to treatment 
could render the staging concept obsolete (see also Chapter 33). At this time, however, biologic prognostic markers are not yet a reliable and proven clinical reality. 27 



Anatomic staging continues to serve as the most valid indicator of prognosis, as a guide for treatment planning, and as a means for communicating the results of 
treatment for specific groups of patients.

Clinical, Surgical-Pathologic, and Retreatment Classifications

The clinical stage (cTNM-cStage), based on all information obtained before treatment is instituted or a decision for no treatment is made, is assigned to each patient, 
and is not changed throughout the course of the disease. Identical staging descriptors are useful and applicable at specific points in the life history of the cancer. For 
those patients assigned to undergo surgical treatment, surgical-pathologic staging (pTNM-pStage), based on information obtained from pathologic examination of 
resected specimens, is useful because of the more precise description of the extent of the primary tumor and regional lymph node metastasis. Except for identifying 
possible intrapulmonary metastasis, p-staging provides no additional information regarding the cM category. In multimodality therapy programs, retreatment staging 
(rTNM-rStage), evaluation of disease extent following initial or induction therapies, may be useful for assigning subsequent treatment steps, as well as for evaluating 
the end results. It is essential that identical definitions are used for each type of classification and that the type (i.e., clinical, c; surgical-pathologic, p; or retreatment, 
r) is specified in end results reports according to staging criteria.

Staging and Cell Type

The International System for Staging Lung Cancer is relevant for classifying the four major cell types of lung cancer; squamous cell carcinoma, adenocarcinoma 
(including bronchioalveolar carcinoma), large cell carcinoma, and small cell carcinoma. It also may be applied to “undifferentiated carcinomas” with no specific 
subtype identified. Although small cell carcinoma is commonly designated as “limited” or “extensive” disease, staging of this tumor according to the more specific TNM 
categories is useful and may be required for selecting patients for multimodality programs involving adjuvant surgery. 28 The proportion of patients achieving a 
complete response, the duration of the response, and recurrence after a complete response is directly related to the extent of the disease at diagnosis. New treatment 
plans are designed from the results achieved for specific groups of patients that are identified in terms of TNM and stage classifications.

TNM Descriptors and Stage Grouping

The numeric descriptors for each TNM component reflect increasing primary tumor size and invasiveness (T1-2-3-4), the absence or presence and extent of 
metastasis in regional lymph nodes (N0-1-2-3), and the absence or presence of tumor spread to distant lymph node or organ sites (M0-1). Definitions for the TNM 
descriptors, shown in Table 32.1, remain the same as defined in the International System for Staging Lung Cancer, 14 except for two minor additions to aid in 
classifying multiple lung nodules: T4 designates satellite tumor nodules in the ipsilateral primary tumor lobe of the lung; all other separate nodules in the nonprimary 
tumor lobes are classified M1.17 Table 32.2 shows the 17 anatomic TNM subsets, according to stage group, that describe progressive levels of disease extent, from 
small, circumscribed “coin” lesions with no evidence of metastasis to the most extensive tumors with distant metastasis present.

Stage IA and Stage IB

The revised stage grouping rules ( Table 32.2) designate small tumors, less than or equal to 3 cm in greatest dimension with no evidence of metastasis, T1 N0 M0 
disease, as stage IA (Figure 32.1). An individual stage designation for this anatomic subset is warranted because the prognosis for patients with T1 N0 M0 tumors is 
significantly better than the outcome achieved for any other group of patients—an observation confirmed by end results studies according to both clinical and 
surgical-pathologic staging criteria. Table 32.3 shows that 61% of patients with cStage IA non–small cell lung cancer (NSCLC) and 67% of those with pStage IA 
non–small cell (NSC) lung tumors are expected to survive five years or more. Higher rates may be reported for selected patients entered into special studies. 28

FIGURE 32.1. Stage IA (T1NOMO) lung cancer identifies tumors 3 cm or less in greatest dimension, surrounded by lung parenchyma, with no evidence of invasion 
proximal to a lobar bronchus and no evidence of metastasis. (From Mountain CF, Libshitz HI, Hermes KE. Lung cancer—handbook for staging, imaging, and lymph 
node classification. Houston: Clifton F. Mountain Foundation, 1999, with permission.)

Patients with larger tumors or those of any size that invade the visceral pleura or main bronchus (>2 cm distal to the carina), with no evidence of metastasis, the T2 
N0 M0 anatomic subset, are designated stage IB (Figure 32.2). A significant difference between the survival rates for patients with stage IA and those with stage IB 
NSCLC is documented (p < 0.05) according to both clinical and surgical-pathologic staging criteria; however, as shown in Table 32.3 and Table 32.4, the disparity is 
greater in the clinical category. Thirty-eight percent of patients with larger, more invasive tumors, the cStage IB NSC group, are expected to survive 5 years or more 
after treatment. In the surgical-treatment group of patients, pStage IB NSCLC, a 57% cumulative survival rate is documented ( Table 32.4). The difference in outcome 
for the cStage IB and pStage IB groups may be related to stage migration, based on the surgical-pathologic evaluation of regional lymph nodes.

FIGURE 32.2. Stage IB (T2NOMO) lung cancer includes larger tumors or those of any size that invade the visceral pleura or main bronchus, greater than 2 cm from 
the carina, or that have atelectasis/pneumonitis extending to the hilar region. No evidence of metastasis is present. (From Mountain CF, Libshitz HI, Hermes KE. Lung 
cancer—handbook for staging, imaging, and lymph node classification. Houston: Clifton F. Mountain Foundation, 1999, with permission.)

Stage IIA and Stage IIB

Stage IIA includes patients with T1 tumors with metastasis present in peribronchial and/or hilar lymph nodes, the T1 N1 M0 anatomic subset ( Figure 32.3). A clinical 
presentation of stage IIA lung cancer is seldom seen radiographically (n = 26 NSC tumors in this series) and, based on surgical findings, stage migration is a common 
observation. A larger proportion of patients classified pStage IIA was observed in the surgical treatment group than was observed at clinical presentation. Stage IIB 
includes two anatomic subsets: First, T2 tumors with metastasis in peribronchial or hilar lymph nodes, T2 N1 M0, and second, T3 tumors with limited, circumscribed 



extrapulmonary extension, such as peripheral tumors invading the chest wall or mediastinum and with no evidence of metastasis, T3 N0 M0 ( Figure 32.4) A 
significantly better prognosis (p < 0.03) is shown for patients with cStage IIA NSCLC compared to those classified as cStage IIB—37% and 24% of patients with 
NSCLC, respectively, expected to survive five years (Table 32.3). The difference in survival rates for patients with pStage IIA and pStage IIB tumors also is 
significant—55% and 39%, respectively, expected to survive five years after treatment, p < 0.05 ( Table 32.4). The rationale for revised stage grouping rules that 
specifically identify T1 N1 M0 tumors as stage IIA is supported by the end results studies and because a specific category is needed to collect data for studying the 
outcome of a larger number of patients with a T1 N1 M0 clinical presentation.

FIGURE 32.3. Stage IIA (T1N1MO) lung cancer identifies T1 tumors involving peribronchial or hilar lymph nodes by direct extension or metastasis. No evidence of 
further lymph node or distant metastasis is present. (From Mountain CF, Libshitz HI, Hermes KE. Lung cancer—handbook for staging, imaging, and lymph node 
classification. Houston: Clifton F. Mountain Foundation, 1999, with permission.)

FIGURE 32.4. Stage IIB (T2N1MO and T3NOMO) lung cancer includes (1) tumors larger than 3 cm., or with other T2 characteristics, that involve peribronchial and/or 
hilar lymph nodes by direct extension or metastasis. No further lymph node or distant metastasis is present, and (2) tumors with limited, circumscribed, 
extrapulmonary extension, T3, such as peripheral tumors invading the chest wall or central tumors involving the pericardium, with no evidence of metastasis. (From 
Mountain CF, Libshitz HI, Hermes KE. Lung cancer—handbook for staging, imaging, and lymph node classification. Houston: Clifton F. Mountain Foundation, 1999, 
with permission.)

The revised stage grouping that places T3 N0 M0 tumors in stage IIB rather than in stage IIIA is based on the following observations of prognosis. The relationship to 
survival rates is similar for both the clinically staged and surgical-pathologically staged anatomic subsets of NSC lung tumors: cT2 N1 M0 and cT3 N0 M0, 26% and 
21%, respectively, expected to survive five years; pT2 N1 M0 and pT3 N0 M0, 39% and 38%, respectively, expected to survive five years after treatment ( Table 32.3 
and Table 32.4). The rationale for the revision is also supported by a significant difference in the survival rates between the revised stage IIB and stage IIIA groups of 
patients.17

Stage IIIA

The stage IIIA category classifies tumors with limited, circumscribed extension of the primary tumor and involvement of intrapulmonary or hilar lymph nodes, T3 N1 M0 
disease, and the presence of ipsilateral mediastinal lymph node metastasis, N2, in patients with T1, T2, or T3 primary tumors. Four subsets are involved: T3 N1 M0, 
T1 N2 M0, T2 N2 M0, and T3 N2 M0 (Figure 32.5). The deleterious effect on prognosis of clinically detectable lymph node metastasis is demonstrated in the 
cumulative survival rates for patients with NSCLC in the cT3 N1 M0 and cT1-2-3 N2 M0 anatomic subsets—9% and 13%, respectively, expected to survive five years 
(Table 32.3). In patients with N2 disease, the best outcome was shown for a small group with T1 primary tumors, whereas the poorest prognosis was observed for 
those with T3 tumors. The end results for the surgical-pathologically staged patients show the improved outcome that is achieved for selected patients with stage IIIA 
NSCLC whose disease is amenable to complete resection (Table 32.4). Similar cumulative survival rates were documented for patients with NSCLC in the pT3 N1 M0 
and pT1-2-3 N2 M0 subsets, a cumulative 25% and 23%, respectively, surviving five years. The rationale for modifying the TNM subsets designated as stage IIIA is 
supported by the end results studies.

FIGURE 32.5. Stage IIIA (T3N1MO and T1-2-3N2MO) lung cancer identifies (1) tumors with localized, circumscribed extrapulmonary extension, T3, with metastasis 
involving peripbronchial and or hilar lymph nodes, and (2) T1-2-3 tumors with metastasis involving the ipsilateral mediastinal and subcarinal lymph nodes. No 
evidence of further lymph node or distant metastasis is present. Tumors involving the pericardium, with no evidence of metastasis. (From Mountain CF, Libshitz HI, 
Hermes KE. Lung cancer—handbook for staging, imaging, and lymph node classification. Houston: Clifton F. Mountain Foundation, 1999, with permission.)

Stage IIIB

Stage IIIB includes lung cancer with extensive extrapulmonary extension, such as tumor invading mediastinal structures—the esophagus, trachea, carina, heart, major 
vessels—or the vertebral body, or with malignant pleural effusion, all of which indicate T4 disease. Metastasis to contralateral hilar and ipsilateral and contralateral 
supraclavicular/scalene lymph nodes may be present, N3 disease; however, no evidence of distant metastasis is present. No revision in the stage grouping of the 
TNM subsets in stage IIIB was made, except for the modification of the T4 definition described earlier. The subsets include T4 N0 M0, T4 N1 M0, T4 N2 M0, and T1 
N3 M0, T2 N3 M0, T3 N3 M0, and T4 N3 M0 (Figure 32.6). Only one-third of patients with cStage IIIB NSCLC are expected to survive 1 year and 5% for 5 years after 



treatment (Table 32.3). This outcome varies slightly according to the TNM category—a 7% cumulative survival rate was shown for the group with cT4 N0-1-2 M0 
tumors and 3% for the cAnyT N3 M0 group. Although it may not be clinically relevant, the difference in survival rates between the cStage IIIB subsets and cStage IV is 
statistically significant, p < 0.01 ( Table 32.3).

FIGURE 32.6. Stage IIIB (T4AnyNMO and Any TN3MO) classi- fies extensive extrapulmonary tumor invasion of mediastinal structures such as the trachea, 
esophagus, heart and major vessels, and metastasis involving the contralateral mediastinal and hilar lymph nodes, and the ipsilateral and contralateral 
supraclavicular/scalene lymph nodes. No distant metastasis is present. (From Mountain CF, Libshitz HI, Hermes KE. Lung cancer—handbook for staging, imaging, 
and lymph node classification. Houston: Clifton F. Mountain Foundation, 1999, with permission.)

Stage IV

Stage IV is reserved for patients with distant metastasis, M1 disease. The M1 descriptor was modified by the addition of ipsilateral (non–lymph node) metastasis in 
nonprimary tumor lobe(s) as evidence for M1 disease. Clinical signs and symptoms of metastasis to distant organ sites usually are confirmed by imaging techniques; 
however, routine brain and bone scans have not proved cost-effective for patients with NSC tumors. The significance of adrenal nodules imaged on abdominal 
computed tomography (CT) should be determined by biopsy. Positron emission tomography (PET) holds promise for making clinical estimates of metastatic disease 
more reliable; however, specific indications for its use and application of the findings remain under study. 30 The disastrous effect of metastasis to distant organ sites, 
such as liver, bone, brain, contralateral lung, or distant lymph nodes, is reflected in the survival rates for patients with NSCLC with this manifestation—only 17% 
expected to survive one year after treatment and less than 1% for five years. (The present data does not include patients with intrapulmonary metastasis classified as 
M1.)

RECOMMENDATIONS FOR STAGING WHEN THE RULES DON'T FIT

The outcome in patients with lung cancer may be influenced by many factors, and it would be impossible to design a workable staging system that accounted for all of 
them. In practice, we can use only a classification system that discriminates most patients within a definable subgroup. Thus limitations are imposed on the definitions 
and, unless such limitations are accepted, a hopelessly complex and unmanageable number of subcategories could result.

In the absence of a body of data that describes the prognostic implications of tumors with no applicable specific staging rule, the TNM and stage classifications must 
be assigned according to logic or convention. Some common questions and problems in staging lung cancer are as follows:

Discontinuous Tumor Foci in Visceral or Parietal Pleura

Tumor foci in the parietal or visceral pleura that are discontinuous from direct pleural invasion by the primary tumor should be staged T4. Discontinuous tumor lesions 
outside the parietal pleura in the chest wall or in the diaphragm are classified M1.

Invasion of the Phrenic Nerve

Invasion of the phrenic nerve is apparent clinically and usually represents limited direct extension of the primary tumor. As such, it indicates T3 disease and does not 
preclude surgical treatment, if no criteria for T4 pertain.

Invasion of the Vagus Nerve

Measures of disease extent that cannot be identified and applied to clinical staging should not be considered as staging elements. One does not generally perceive 
involvement of the vagus nerve clinically unless its recurrent branch (i.e., the recurrent laryngeal nerve) is affected, in which case the involvement is readily 
detectable. Recurrent laryngeal nerve symptoms are often caused by mediastinal lymph node metastasis, although they can be caused by primary tumor invasion. It is 
important to note, however, that (a) recurrent laryngeal nerve involvement usually indicates inoperability, and (b) the survival for such patients is similar to that for the 
IIIB-T4 stage group. Accordingly, we recommend a T4 classification for tumors with evidence of recurrent laryngeal nerve involvement.

Great Vessels

Tumor involvement of the great vessels is classified T4. The following are defined as “great vessels”: (a) aorta; (b) superior caval vein; (c) inferior caval vein; (d) main 
pulmonary artery; (e) intrapericardial portions of the trunk of the right or left pulmonary arteries, and (f) intrapericardial portions of the superior or inferior right or left 
pulmonary veins. Involvement of more distal branches of the main arterial and venous trunks would be classified T3.

By virtue of the prognosis and treatment options associated with vena caval syndrome and esophageal and tracheal compression, these manifestations indicate stage 
IIIB not IIIA disease. It would be contradictory to the T4 definition to routinely assign an N2 classification to these manifestations of disease extent. In the rare instance 
of a peripheral primary tumor that clearly is not in direct continuity with great vessels, evidence of compression of these structures may be caused by nodal disease. 
The T and N categories are then classified according to the established rules for these descriptors.

Involvement of the Vertebral Body

In most patients with superior sulcus or Pancoast's tumors with clinical evidence of vertebral body invasion, this extension of the disease indicates unresectability and 
a poor prognosis. Successful resection for tumors with localized invasion of a specific area of the vertebral body has been reported with a better prognosis than that 
anticipated for patients with unresectable disease. Investigational surgical programs, usually multidisciplinary efforts undertaken by thoracic and neurosurgeons, have 
addressed removal of part or all of the vertebra. Although a few patients may be found at operation to have resectable tumor invading the vertebral body, clinical 
evidence of this extent of disease is generally associated with nonsurgical treatment options and a prognosis consistent with the T4 category.

A tumor arising in the superior sulcus of the lung with evidence for a true Pancoast's syndrome (i.e., a Horner's syndrome and brachial plexus involvement) should be 
classified T4, whether or not vertebral body invasion is present.

Synchronous Multiple Primary Lung Cancers

Synchronous multiple primary lung cancers should be staged independently. The tumor with the highest stage of disease or more serious prognostic implications 
should be used for tumor registry entry of a single patient, and a specific field should be assigned for the identification of multiple primary lung cancers. Coding may 
then be expanded to include particular characteristics for each tumor, such as histology, treatment, and survival data. If synchronous multiple lung cancers have 



similar prognoses and staging characteristics, the tumor receiving first treatment should be selected for tumor registry data entry.

REGIONAL LYMPH NODE CLASSIFICATION FOR LUNG CANCER STAGING

A classification for regional lymph nodes that is compatible with the International System for Staging Lung Cancer, and that incorporates features of multiple systems 
previously in use, is shown in Figure 32.7 and Table 32.5. This lymph node mapping schema, developed by Mountain and Dresler,18 provides a single system that 
incorporates features of the most commonly used lymph node maps—the schema developed by Naruke and which was based on data, 31 and the map proposed by the 
North American Lung Cancer Study Group, based on recommendations of the American Thoracic Society. 32 The schema has been adopted and recommended by the 
UICC20 and the AJCC.21 For clinical research study of the relationships among specific lymph node metastasis and primary tumor growth, cell type, patterns of 
recurrence or further metastasis, and biologic factors, a consistent, reproducible method for collecting and reporting data is required.

FIGURE 32.7. Regional Lymph Node Stations for Lung Cancer Staging. (From Mountain CF and Dresler CM, from Naruke, 31 and The American Thoracic 
Society/North American Lung Cancer Study Group,32 (copyright 1996, Mountain and Dresler; may be reproduced for educational purposes without permission). 18

Lymph Node Mapping Schema

The definitions for staging the status of regional lymph nodes (the “N” component) in patients with lung cancer are shown in Table 32.1. Anatomic landmarks for 14 
hilar, intrapulmonary, and mediastinal lymph node stations and their accompanying definitions illustrate that all N2 nodes are contained within the mediastinal pleural 
envelope and that all N1 nodes lie distal to the mediastinal pleural reflection ( Figure 32.7). It is difficult to show the anatomic relationships of the three-dimensional 
structures in the chest in an artistic rendition; therefore, it is important to relate the anatomic landmarks for each station shown on the map to the definitions in Table 
32.5. The N2 nodes are numbered 1 through 9 and include the superior mediastinal nodes (numbers 1–4), the aortic nodes (numbers 5–6), and the inferior 
mediastinal nodes (numbers 7–8). The N1 nodes are numbered 10–14. Numbers 10L and 10R are the most proximal nodes in the N1 category and are designated 
hilar nodes; numbers 11R/L–14R/L are designated intrapulmonary nodes, with specific designations related to the location on or between the bronchi ( Table 32.5). 
Depending on the location of the primary tumor, the ipsilateral nodes are designated right or left; midline prevascular and retrotracheal lymph nodes are considered 
ipsilateral. As noted in Table 32.5, researchers may wish to divide the lower paratracheal nodes into superior (4s) and inferior (4i) groups, as an aid to the study of 
metastasis to specific lymph node levels.

To confirm the extent of N1 and N2 disease, extended or total resection of all lymph node groups accessible to the surgeon is essential (see also Chapter 35). 
Pathologic assessment of pulmonary resection and lymphadenectomy specimens represents the highest order of reliability. Although most patients with lung cancer 
are not candidates for surgical treatment, the lymph node mapping schema is useful for clinical staging and correlative studies of diagnostic and evaluative 
procedures.

The prognostic implications of lymph node metastasis are well known; however, within the spectrum of the N1 and N2 categories, the relationship of the presence and 
extent of metastasis to the primary tumor status, the status of the lymph nodes (i.e., intranodal or extranodal disease), the number of levels of metastasis, and various 
histologic and biologic features are not fully understood. A unified lymph node mapping schema provides a means for collecting data to study these important facets 
of metastatic disease and to apply the information to clinical practice. Table 32.6 lists the database for the staging system used by the authors.

SUMMARY

The recommendations for staging lung cancer and for classifying regional lymph nodes provide a consistent, reproducible method for communicating information and 
comparing the results of differing treatments for lung cancer. The total tumor burden for a given patient cannot be precisely quantitated, and the balance between host 
defenses and tumor agressiveness cannot be precisely measured. However, our data support the tenet that patients can be grouped according to certain measurable 
common features of their disease so that within each stage, treatment options and survival expectations are generally similar. Survival patterns according to staging 
criteria are a measure of the efficacy of currently available therapy; therefore, the staging information serves as a valuable guide for treatment planning.
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The most important predictor of survival in non–small cell lung cancer (NSCLC) is the TNM stage at diagnosis, with the best chance for cure remaining complete 
surgical resection. Patients with clinical stage I (pathologic stage I, II, and microscopic IIIA) NSCLC who have undergone resection with a curative intent have an 
estimated 50% recurrence and cancer death rate at five years. 1,2 An understanding of tumor virulence on a molecular level may identify subsets of early-stage patients 
with poorer prognosis. If a definitive set of tumor markers that document early recurrence could be identified, earlier intervention (radiation therapy or re-resection for 
a local recurrence, chemotherapy or a novel therapy for a distant recurrence) may increase the overall survival. Additionally, markers capable of identifying patients 
with advanced or metastatic disease would prevent unnecessary surgical procedures in this group. This section focuses on identification of clinicopathologic and 
molecular factors that may be used in combination with the TNM staging system to provide a more accurate substaging system, therefore allowing stratification within 
a stage of patients at high risk for recurrence and death.

CLINICAL FACTORS

The current staging system does not consider clinical symptoms, histology, or biologic aggressiveness of tumors. The presence of symptoms even when corrected for 
stage, particularly weight loss and poor performance status at the time of diagnosis of lung cancer, have been found to have a significantly negative impact on 
survival in patients with NSCLC.2 Harpole et al.2 reported that the presence of symptoms in stage I NSCLC was a significant factor in predicting overall survival. In 
their analysis of 289 patients, 189 without symptoms had a five-year survival rate of 74% versus a 41% survival rate in the 100 patients with symptoms (p < 0.001). 
The presence of hemoptysis, cough, and chest pain were all found to be predictive of decreased survival.

Male sex has been found to be an adverse prognostic indicator in some studies; 2,4,5 and 6 however, much of this difference may be the result of tumor size at 
presentation because women tend to present with smaller tumors (as well as less smoking history and increased percentage with adenocarcinoma). 2 Others series 
have not shown male sex to be an adverse prognostic factor. 2

Although clinical factors are beneficial in terms of predicting prognosis, their use is limited because of their low prevalence in early-stage lung cancer. Patients with 
early-stage disease often remain asymptomatic despite having biologically aggressive tumors. Furthermore, symptoms are descriptive in nature and thus subject to 
patient and physician bias.

HISTOPATHOLOGIC FACTORS

T Status/Tumor Size

In stage I NSCLC, the size of the primary tumor has been shown to significantly impact survival. 2,8,9 Five-year survivals of 67% to 83% for stage 1A (T1N0) and 50% to 
65% for stage IB (T2N0) are reported. 2,5,9 More precise sizing of stage I tumors has also been shown to be prognostically significant with tumors 0 to 2 cm, 2 to 4 cm, 
and more than 4 cm having five-year survivals of 74%, 60%, and 45%, respectively, as shown in Fig. 33.1 (Harpole, unpublished data). Padilla et al. 7 further 
substaged T1 stage I disease into tumors 0.1 to 1.0 cm 1.1 to 2.0 cm, and 2.1 to 3.0 cm in size with reported survivals of 90%, 86.1%, and 65.4% (p = 0.0092). Tumor 
size in stage II lung cancer has also been shown to impact survival with T1N1 tumors having five-year survivals of 55% compared to T2N1 with five-year survivals of 
39% (p < 0.05).9 Martini et al.;10 however, did not report a statistically significant survival difference between T1 and T2 stage II lung cancer, but they did report 
improved survival in stage II NSCLC with primary tumors £3 cm compared to those whose primary was ³5 centimeters (p = 0.02). Based on the statistically significant 
survival advantage seen with T1 tumors, the revised international lung cancer staging system divides stage 1 into stage IA and IB and stage II into stage IIA (T1N1) 
and IIB (T2N1) (see also Chapter 32).

FIGURE 33.1. Survival by tumor size (cm).

In early-stage lung cancer, the location of the tumor has been shown to be a prognostic factor. Visceral pleural involvement has been shown to correlate with poorer 
overall survival. 2,8,11 Because of this prognostic significance, tumors with visceral pleural involvement are considered T2 even when they are £3 centimeters in size. 9

Lymph Node Status

For patients with stage II NSCLC, the number of N1 nodes with cancer and the location of these nodes is more important than the size of the primary tumor. Martini 



and colleagues10 reported that single N1 node involvement in stage II NSCLC was a favorable prognostic factor compared to patients with multiple N1 node 
involvement (45% versus 31%; p = 0.016). Yano and colleagues 12 assessed 78 patients with stage II lung cancer and found a significant five-year survival advantage 
in patients with positive lobar N1 nodes (64.5%) compared to hilar N1 nodes (39.7%; p = 0.014). Additionally, in this study the patterns of metastatic spread were 
different based on location of involved N1 nodes; the brain was the most common site in patients with lobar N1 disease, whereas the lungs were the common site of 
spread in hilar N1 positive patients. Survival in stage IIIA (N2) NSCLC has also been shown to correlate with the number of lymph nodes involved. Five-year survivals 
of 43% following primary tumor resection and mediastinal lymph node dissection in patients found to have microscopic metastatic disease in only one mediastinal 
lymph node has been reported as compared to the 23% to 25% five-year survival for surgically resected stage IIIA disease as a whole. 9,13,14

Histologic Subtypes

Whether histologic subtyping of NSCLC according to the World Health Organization 15 into squamous cell carcinoma, adenocarcinoma, or large cell carcinoma has 
prognostic significance regarding overall survival is controversial. Harpole and colleagues 2 and others7 reported no significant survival advantage for any histologic 
tumor type in patients with stage I NSCLC. Other groups have shown a significant five-year survival advantage to patients with squamous cell cancers compared to 
adenocarcinomas.5,8 The Lung Cancer Study Group reported an increase in recurrence rates in patients with nonsquamous NSCLC. 16 Kwiatkowski and colleagues6 
found no survival differences among stage I lung cancer patients with different histologic types; however, when they subtyped adenocarcinomas, patients with the 
solid tumor with mucin type had a significantly decreased survival (p = 0.019) compared to patients with the other subtypes of adenocarcinoma.

Martini and colleagues found no survival difference between squamous cell carcinoma and other histologies in 214 stage II NSCLC patients. This group did report a 
difference in patterns of recurrence based on histology, with squamous cell carcinomas recurring locally and adenocarcinomas distantly. In contrast to Martini et al. 10 
Ichinose and colleagues11 reported on 63 patients with stage II NSCLC and found that patients with squamous cell carcinomas had a significant survival advantage 
over patients with nonsquamous tumors. Looking at patients with N2 (stage IIIA), Martini and Flehinger 13 found no survival difference between patients with 
adenocarcinoma and patients with squamous cell carcinomas.

Tumor Differentiation

Tumors can be differentiated based on histologic and light microscopic findings into well, moderate, poor, or undifferentiated. Poorer differentiation is associated with 
decreased survival in NSCLC.2,5,17,18 Ichinose and colleagues11 reported that patients with well-differentiated stage I tumors had five-year survivals of 87% versus 71% 
five-year survival in patients with stage I tumors that were moderately or poorly differentiated (p = 0.0029). However, tumor differentiation was not found to be 
prognostically significant in patients with stage II or IIIA tumors in this study.

Lymphatic and Blood Vessel Invasion

The presence or absence of lymphatic or blood vessel invasion has been considered an indication of biologic aggressiveness in NSCLC. Kessler and colleagues 19 
used light microscopy to assess blood vessel invasion, specifically the main venous or arterial parabronchial vessels. The presence of blood vessel invasion 
correlated with a significantly decreased survival in this series in agreement with others. 11,19,20 Ichinose and colleagues11 reported that fifteen of seventeen patients 
with recurrence whose primary tumor had venous blood vessel invasion were distant, suggesting the veins as a source for metastatic spread. Harpole and colleagues 2

 reported the presence of vascular invasion to be a highly significant factor in prognosis. More recently, Kwiatkowski and colleagues 6 found lymphatic invasion to be a 
significant negative predictor of survival, with five-year survival in stage I NSCLC patients of 74% if lymphatic invasion was absent, compared to a five-year survival of 
54% if present (p = 0.0004).

Routine histologic and light microscopic techniques are used to evaluate tumor size, N-status, histology, differentiation, and vascular/lymphatic invasion, but these 
methods are limited by sensitivity and the experience of the pathologist. For example, histologically negative lymph nodes may contain micrometastastic disease in 
15% of cases.21

MOLECULAR MARKERS

The change from normal bronchial epithelium to carcinoma is the end result of a series of acquired genetic mutations and alterations in normal cellular proteins. The 
critical regulatory genes mutated in NSCLC include various protooncogenes and tumor-suppressor genes. Carcinogenesis can occur with either activation or deletion 
of these important regulatory genes. Protooncogenes when altered may acquire transforming potential, leading to dysregulation of normal cell growth. Only one of the 
two alleles needs to be altered for the transforming effect and, therefore, protooncogenes are known as dominant genes. Tumor-suppressor genes have been 
implicated in lung cancer, with cellular transformation occurring by either elimination of both alleles or by mutation or functional abnormality of their protein products. 
The reader is referred to Chapter 1, Chapter 2, Chapter 3, Chapter 4, Chapter 5, Chapter 6, Chapter 7, Chapter 8, Chapter 9, Chapter 10 and Chapter 11 for greater 
detail.

Carcinogenesis

Growth-regulating Proteins

Several genes normally control cell growth and development. Alterations in these genes can change the phenotype of a cell, allow the expression of abnormal signal 
transduction proteins, and activate multiple enzyme cascades in the cell. Growth-regulating genes whose protein products have been implicated in NSCLC include ras
 oncogenes, epidermal growth factor receptor gene, and erbB-2/Her2-neu oncogenes.

Ras Oncogenes

Ras oncogenes are a family of genes that code for a protein located on the inner surface of the cell membrane (see also Chapter 4). The protein known as p21 is 
involved in signal transduction and has guanosine triphosphatase activity. Mutations of ras genes result in blockage of guanosine triphosphatase activity, allowing a 
continued signal for proliferation. There are three main members of the ras oncogene family (K-ras, H-ras, and N-ras), and the vast majority of mutations involved in 
NSCLC occur in K-ras at codon 12 (other codons 13, 61). Mutations in K- ras have been found most commonly in adenocarcinomas and are linked with smoking and 
asbestos exposure.22 Slebos and colleagues initially reported activation of K- ras oncogene as a strong negative prognostic factor in patients with resected 
adenocarcinomas.23 Fukuyama and colleagues24 reported that NSCLC patients with K-ras mutations at codon 12 had a relative risk of death of 5.6 compared to 
patients without the mutation. In addition to the prognostic significance of K- ras gene mutations, the overexpression of p21 has similarly been found to correlate with a 
negative survival. Harada and colleagues 25 found that NSCLC patients with p21-negative tumors (stained immunohistochemically using anti- ras p21 monoclonal 
antibody rp-35) had significantly longer survival times compared to patients whose tumors were p21 positive. More recently, however, Nemunaitis and colleagues 26 
did not attribute significant negative prognostic value to elevated p21 in adenocarcinoma patients with normal ras-oncogenes. The majority of evidence, albeit in 
retrospective studies, indicates that K- ras mutations correlate with decreased survival, and therefore little controversy exists that it has value as a molecular marker.

Protooncogenes c-erbB-1 and c-erbB-2 (HER-2/neu)

The protooncogene c-erbB-1 encodes for epidermal growth factor receptor (EGFr), a tyrosine kinase-type membrane receptor (see also Chapter 4). Ligand binding to 
EGFr results in receptor dimerization, autophosphorylation, activation of cytoplasmic proteins, and eventually DNA synthesis. 27 Mutations in c-erbB-1 can result in 
constitutive activation of EGFr despite the absence of ligand, with the result being uncontrolled tumor growth. In NSCLC, elevated levels of EGFr have been shown to 
be present compared to normal lung tissue. Additionally, elevated levels of EGFr are found in later stage lung cancers and in lung cancers with mediastinal 
involvement,28 but these levels have not been found to correlate with prognosis. 22,27,29 However, subset analysis (TINO) in one study evaluating a panel of 
immunohistochemic markers in resected stage I NSCLC did find a decreased survival rate in EGFr overexpressing tumors. 30,31 Based on the available data, although 
EGFr may play a role in initial tumorgenesis and may be a marker for advanced disease, increased expression of EGFr cannot currently be considered as a 
significant prognostic molecular marker in NSCLC.

C-erbB-2/HER-2/neu shares extensive homology (80%) with c-erbB-1 and encodes for a transmembrane tyrosine kinase (p185neu), which also functions as a growth 
factor receptor. Kern and colleagues 32 found that ten of twenty-nine patients with adenocarcinoma overexpressed p185 neu, and this overexpression was associated 



with decreased survival. Following this initial report, several additional studies have confirmed these results with adenocarcinomas and NSCLC as a group. 4,31,33,34 
Overexpression of p185neu is currently felt to be an independent negative prognostic factor in NSCLC.

Cell-cycle Specific Proteins

Normal bronchial epithelium is arrested in the G0 phase of the cell cycle, with a designated cell life. When it reaches the end of its life, an apoptotic cascade begins, 
allowing the senescent cell to die. Deletion or mutations in the genes involved in regulating the cell's lifespan can cause them to become resistant to apoptosis or 
“immortal.” Apoptotic factors (p53, bcl-2) and cell cycle–regulating factors (Rb, Ki-67, and cyclins) are implicated in NSCLC (see also Chapter 2, Chapter 4, Chapter 6, 
Chapter 7).

P53 Tumor-Suppressor Gene

The tumor-suppressor gene P53 encodes for a nuclear phosphoprotein involved in cell growth through regulation of transcriptional events. Mutations in P53 are the 
most common mutations associated with human cancers,3 and in NSCLC P53 is found to be mutated or overexpressed in more than 50% of cases. Similar to 
abnormalities in K-ras, mutations in P53 are associated with smoking.22 Significant controversy remains over its use as a molecular prognostic indicator in NSCLC 
because in some studies mutation or protein expression of P53 is associated with decreased survival, 4,6,31,34,35,36,37,38 and 39 some with no association to survival;29,40 and 
some with increased survival.41,42 Reasons for this controversy are unclear but may at least partially relate to whether gene mutation or protein expression is 
measured.3,43 Overexpression does not necessarily mean that the P53 gene is mutated, but it is an abnormal finding. Additionally, the group of NSCLC patients 
assessed may provide some explanation for the controversy. Dalquen and colleagues found P53 expression to be a negative prognostic factor in node-negative but 
not node-positive NSCLC patients.44 Along these lines, a study consisting of 408 stage I NSCLC patients confirmed the negative prognostic value of overexpression 
of P53 with a 70% five-year survival for NSCLC patients with P53 minus tumors compared to 52% survival for P53+ tumors (p = 0.001).31

BCL2 Protooncogene (Apoptotic Gene)

The protooncogene BCL2 encodes a protein that inhibits apoptosis (programmed cell death) and thus regulates cell viability. Overexpression of BCL2, surprisingly, 
has been associated with improved survival in NSCLC 45,46 or a trend toward improved survival.6,31

Retinoblastoma (RB) and p16 INK4a Tumor-Suppressor Genes

The RB gene encodes a nuclear protein that interacts with the protein product of P53 in the nucleus and is involved with transcriptional events and cell cycle 
regulation (keeping the cell quiescent) (see also Chapter 7). This tumor-suppressor gene is located on a chromosomal region often found deleted in the childhood 
ocular cancer retinoblastoma. Loss of RB protein expression occurs commonly in NSCLC, most often seen in later stage tumors. Loss of RB protein expression has 
been associated with either a decrease in survival 31,47 or no correlation with survival. 6,48 Additionally, patients with both loss of RB protein expression and p53 protein 
overexpression (TP53 mutation) have an even worse prognosis. 31,47 D'Amico and colleagues31 reported five-year survivals in 404 stage I NSCLC patients of 72%, 
62%, and 48% for RB+/p53-; RB+/p53+; and RB-p53+ (protein expression) tumors, respectively. Therefore, the loss of RB is felt to be a negative prognostic factor.

A cyclin-dependent kinase inhibitor p16 INK4a is involved in keeping a cell in the quiescent state (G0). The mechanism by which the gene product of p16 INK4a inhibits 
entry into the cell cycle is through its inhibition of the cyclin-dependent kinase 4 mediated phosphorylation of the RB gene product. Inactivation of p16 INK4a results in 
unregulated cell growth and transformation. Worse survival has been seen in NSCLC patients whose tumors do not express p16 INK4a. Additionally, an inverse 
correlation has been appreciated between levels of RB and p16 INK4a.

Tumor Invasion

Two processes are necessary for a tumor colony to grow and become invasive: angiogenesis and basement membrane degradation. When a tumor colony expands, it 
outgrows its blood supply and central necrosis develops. The resultant ischemia stimulates angiogenesis within the cancer, resulting in ingrowth of capillaries and 
tumor growth. In order for an in situ tumor to invade surrounding tissues, the glycoprotein matrix that surrounds normal bronchial epithelium must be degraded by 
enzymes (matrix metalloproteinases, cathepsin B). These two processes allow cancer cells to enter the lympathic or vascular spaces, thus setting the stage for the 
next phase: distant metastases.

Angiogenesis

Tumor-induced neovascularization (angiogenesis) is necessary for both tumor growth and metastatic spread, and a large research effort is currently being directed 
into studying its role in cancer development (see also Chapter 11). The number of microvessels in an NSCLC can be used to assess angiogenesis. Antibody to factor 
viii can be used to identify the number of microvessels in an NSCLC, 50 and the degree of angiogenesis as measured by viii staining has been shown to have 
significant negative prognostic implications. Harpole et al. 34 examined angiogenesis in 275 consecutive patients with stage I NSCLC and found that angiogenesis was 
the most significant prognostic factor in stage I NSCLC compared to erbB-2 (HER-2/neu), p53, and KI-67. Attempts to increase sensitivity and specificity using 
immunostaining for CD31(platelet/endothelial cell adhesion molecule) instead of factor viii did not prove successful, and its use did not correlate with prognosis. 51 
Recently, an anti-CD34 monoclonal antibody specific for endothelial cells has been found useful in immunostaining of microvessels. 52,53 In contrast to anti-CD31, 
anti-CD34 antibody has been found to be more specific and reproducible than staining for factor viii. Fontanini et al. 52 prospectively analyzed a cohort of 407 patients 
with NSCLC, using anti-CD34 antibody to detect microvessels, and found that patients with more vascularized tumors experienced significantly decreased survivals (p 
< 0.00001). Patients with stage I lung cancers and highly vascularized tumors had 50% two-year survivals compared to 95% survival in this group of patients with the 
lowest microvessel counts. Besides using endothelial cell antigen antibodies to assess microvessel counts, Imoto et al. 54 reported on the prognostic significance of 
vascular endothelial growth factor expression in NSCLC and found it to be a significant prognostic indicator, especially with squamous cell cancer.

Invasion/Extracellular Matrix Degradation

Matrix metalloproteinases have been implicated in the breakdown of vascular barriers, allowing tumor cells to infiltrate blood vessels. The matrix metalloproteinase, 
stromelysin-3, has received the greatest attention in NSCLC and has been found to be more abundant in NSCLC than in normal lung tissue. 55

Plasminogen activators are members of the serine protease family and convert plasminogen to plasmin. Plasmin can degrade various proteins in the extracellular 
matrix. Plasminogen activators are regulated by plasminogen activator inhibitors. Yoshino and colleagues have found that decreased levels of plasminogen activator 
inhibitor 2 correlate with decreased survival and increased lymph node metastases in NSCLC patients. 56

Cathepsin B is a cellular protein located in the lysosome (cysteine proteinase), and it is involved in protein degradation within the cell. It has been implicated in tumor 
cells in the digestion of the extracellular matrix. Because it can digest the extracellular matrix, it is involved in tumor invasion and metastases. Higher grade 
expression of cathepsin B has been prognostically correlated with decreased survival in NSCLC. 3,57 Sukoh and colleagues57 reported that patients with stage I NSCLC 
whose tumors strongly expressed cathepsin B had decreased survival compared to patients whose tumors did not express cathepsin B. In contrast, Mori and 
colleagues58 did not find high expression of cathepsin B in stage I NSCLC patients to correlate with survival.

Formation of Metastases

A carcinoma can invade surrounding structures, including blood vessels and lymphatic channels, allowing tumor cells to circulate throughout the body. The formation 
of metastatic lesions, however, requires that circulating tumor cells adhere to the endothelium of a distant capillary or lymph vessel and transgress the endothelial 
membrane of the target organ. Paget in 1889 identified that tumors require both the “correct seed and soil” for metastatic spread. 59 Therefore, only tumor cells that 
express the correct adhesion molecules (CD-44, siayl-Tn, blood group A) are able to successfully attach and invade a new location in the body.

Adhesion Molecules



Cluster designation 44 (CD-44), an integral membrane glycoprotein, is a receptor for hyaluronan (component of the extracellular matrix). CD-44 is involved in 
cell-to-cell and cell-to-extracellular matrix interactions and is correlated with metastatic spread. Expression of CD44 has been shown to be a negative prognostic 
factor in NSCLC.31 Hirata and colleagues60 reported that expression of a variant isoform of CD-44 negatively correlated with survival in stage I NSCLC patients. 
D'Amico and colleagues reported a five-year survival of 54% in patients with CD44 expression compared to a 67% survival in patients without CD44 expression (p = 
0.05).31

Blood Group Antigens and Precursor Antigens

The loss of expression of blood group A allows immature blood group antigens to be exposed; these antigens have been implicated in cell motility and, therefore, 
have been speculated to be involved with metastatic spread. Lee and colleagues 61 assessed the presence of blood group antigens immunohistochemically in 164 
patients with completely resected NSCLC. In this study, survival of the twenty-eight patients with blood group A or AB whose lung cancers lacked the blood group A 
antigen was significantly worse than survivals of patients with the blood group A antigen on their tumors or patients with blood group B or O. Miyake and colleagues 62 
stained for the precursors of blood group A and B antigens (H/Le y/Leb) using the monoclonal MIA-15-5 (migration-inhibitory antibody; named for its ability to inhibit 
motility and metastatic ability of cancer cells) and reported that MIA-positive tumors had a significantly worse prognosis than MIA-negative tumors. The MIA-positive 
tumor patients had a five-year survival of 20.9% versus 58.6% for patients with MIA-negative tumors (p < 0.001). Additionally, Matsumoto and colleagues 63 found that 
loss of blood group antigens on lung cancer correlated with increased metastatic potential and worse prognosis. More recently, however, reports have not shown this 
prognostic correlation in early-stage lung cancer, 6,64 and one report even found that MIA-15-5–positive tumors had an increased survival. 29 Thus blood group antigens 
and their precursors are currently not felt to be important in the biologic aggressiveness of NSCLC.

Detection of Micrometastases by Molecular Biologic Markers

Occult micrometastatic disease in the lymph nodes and bone marrow not appreciable by routine histologic staining can be detected with the use of 
immunohistochemic techniques and reverse transcriptase–polmerase chain reaction techniques (rt-PCR) (see also Chapter 1). These techniques are able to detect 
the presence of one tumor cell in 105 to 108 normal cells.65 Rt-PCR may be more sensitive than immunohistochemic staining for detection of micrometastases.65 The 
markers used to detect micrometastases include cytokeratins, mucins (cell surface glycoprotein), and various molecular markers such as epidermal growth factor 
receptor and P53 expression. The use of epithelial elements is particularly appealing because they are directed toward the identification of epithelial elements that are 
not present in normal lymph nodes and bone marrow. Detection of occult micrometastatic lymph node or bone marrow disease using rt-PCR or immunohistochemistry 
potentially may allow selection of a subset of patients who would benefit substantially from induction therapies.

Occult micrometastatic disease found using immunohistochemic staining has been shown to correlate with early relapse and worse prognosis. 66,67,68 and 69 Maruyama 
and colleagues69 reported on the detection of micrometastases in lymph nodes using an anti-cytokeratin monoclonal antibody and the value of this detection in 
predicting early relapse in patients with stage I NSCLC. They identified cytokeratin-positive cells in lymph nodes of thirty-one out of forty-four (70.5%) stage I patients, 
restaging nineteen of these as N1 and 12 as N2 disease, respectively. In these patients with micrometastatic disease in the mediastinal lymph nodes, the disease-free 
survival rate was significantly shorter than in those with node-negative disease (p = 0.004). Immunohistochemic staining for the presence of EGFr or p53 has also 
been used in the detection of micrometastatic disease. The presence of these biologic markers in lymph nodes is correlated with decreased survival. 70

Salerno and colleagues 65 used rt-PCR to detect the presence of messenger RNA transcripts for MUC1 in lymph nodes. Using this technique, they found occult 
metastases in 33 of 88 lymph nodes negative for metastatic disease based on light microscopy.

Several groups have been able to identify micrometastases of lung cancer in bone marrow. Using immunohistochemic techniques, Pantel and colleagues identified 
cytokeratin-positive cells in the bone marrow of patients with operable lung cancer and found that their presence correlated with cancer relapse (66.7% versus 36.6%, 
p < 0.05). This same group later68 found that 60% with apparently localized disease had micrometastases in their bone marrow. Cote and colleagues, using 
immunohistochemic techniques to identify bone marrow metastases in 43 NSCLC patients, reported a significantly shorter time to tumor relapse with the presence of 
micrometastases in the bone marrow (7.3 versus 35.1 months, p = 0.0009).71 Additionally, for patients with early-stage lung disease, the detection of occult bone 
marrow metastases was associated with a higher rate of recurrence. Most recently, in 139 patients with NSCLC of various stages, cytokeratin 18–positive cells were 
demonstrated in the bone marrow in 60%. In the sixty-six patients without lymph node metastases, occurence of two or more tumor cells in the bone marrow was an 
independent predictor of survival (B. Passlick, personal communication).

Markers of Tumor Proliferation

These markers estimate the proportion of tumor cells nearing mitosis and consist of assessment by light microscopy (mitotic index), flow cytometry (ploidy, S-phase), 
or immunohistochemic techniques (Ki-67, proliferating cell nuclear antigen.

Mitotic Index/Ploidy

Harpole and colleagues reported that tumors with ³15 mitosis per high-power field had a significantly worse survival rate than tumors with a lower number of mitotic 
figures present.2 Recently, however, Kwiatkowski6 found no survival differences in stage I NSCLC patients whose tumors had mitotic index of 0 to 10, 10 to 20, 21 to 
30, or more than 30, with five-year survival rates of 68%, 67%, 72%, and 60%, respectively. Investigation into DNA content by flow cytometry initially suggested that 
more biologically aggressive tumors were aneuploid, whereas those associated with a better prognosis appeared to be diploid. 18,72 Subsequent studies, however, 
have not confirmed this survival advantage with diploid tumors. 22,73 The prognostic significance of the number of cells in the S-phase (S-phase fraction) of the cell 
cycle has not been extensively studied in NSCLC. High S-phase fraction has been associated either with a decrease in survival 72 or with no correlation to survival. 3,74 
Volm and colleagues72 reported on 187 predominantly advanced-stage NSCLC patients and found that patients whose tumors had £8% of their cells in the S-phase 
had significantly improved survival compared to patients whose tumors had >8% of their cells in S-phase (p = 0.041). In comparison, Schmidt and colleagues 74 found 
no prognostic significance to S-phase percentage in T1N0 tumors.

Ki-67 Proliferation Marker

The tumor proliferation marker Ki-67, a nonhistone nuclear protein, is expressed by cells near mitosis and can be used to identify rapidly dividing tumors. Several 
series have noted a decrease in survival in association with higher levels of expression of Ki-67. 4,34,73 Pence and colleagues73 evaluated Ki-67 proliferation indices in 
61 predominantly early-stage lung cancer patients (stage I: 39 patients; stage II: 12 patients; stage III/IV: 10 patients) and found that patients with Ki-67 proliferation 
indexes of less than 3.5 had two-year survivals of 54% compared to 8% for patients with Ki-67 proliferation indexes of more than 3.5 (p = 0.01). In patients with stage I 
NSCLC, Harpole and colleagues 4 reported a 52% five-year survival in patients with a Ki-67 index greater than 10%, compared to a 68% five-year survival in patients 
with a ki-67 index of 0% to 5% (p < 0.02). Additionally, Ki-67 proliferation had a highly significant correlation with p53 overexpression. In a larger group of patients, 
D'Amico and colleagues31 reported a trend that did not reach significance toward decreased survival in high-versus low-level Ki-67 expression (p = 0.071). In 
conclusion, higher Ki-67 proliferation indexes appear to inversely correlate with prognosis.

Proliferating Cell Nuclear Antigen

Proliferating cell nuclear antigen (PCNA) is a nuclear protein that binds to DNA polymerase. Because of its involvement with DNA replication, its presence is highest 
in rapidly growing cells, whereas its level is undetectable in quiescent cells. Ishida and colleagues found that positive staining for PCNA correlated with decreased 
survival in NSCLC patients.3,75

Serum Markers for Early Detection

Various serum markers may eventually be used to identify patients with NSCLC, to identify those with more advanced disease, and to predict prognostic information. 
Potential serum markers showing promise in NSCLC76 are carcinoembryonic antigen (CEA),77,78 CA-125,79 Cyra21-1,80 and sialyl Lewis X-I antigen.81



MULTIVARIATE MODELS

Because the NSCLCs are a diverse group of tumors, one molecular marker invariably can not predict increased biologic virulence 100% of the time. 
Adenocarcinomas, large cell carcinomas, and squamous cell carcinomas preferentially express various markers. For these reasons, molecular model systems 
consisting of a panel of molecular markers have the ability to optimize the sensitivity of biologic markers across the spectrum of NSCLC.

Kwiatowski and colleagues6 evaluated 244 patients with stage I NSCLC and identified six independent variables that predicted tumor recurrence: (a) adenocarcinoma 
solid tumor with mucin subtype, (b) tumor diameter ³4 cm, (c) lymphatic invasion, (d) p53 expression, (e) K- ras mutation, and (f) absence of H-ras expression. This 
group proposed a molecular pathologic substaging system in stage I NSCLC based on these variables. If patients had £ two factors, then they were assigned as 
grade 1a; if they had three factors, then they were assigned grade 1b; and if they had ³4 factors, then they were assigned grade 1c. The basis of this substaging was 
based on the detected five-year cancer-free survival rates of 87%, 58%, and 21% for each proposed substage, respectively. Additionally, they showed that wedge 
resections were associated with a decrease in cancer-free survival and recommended that lobectomy be performed for stage I NSCLC, unless medically 
contraindicated.

Recently, D'Amico and colleagues31 proposed a molecular model system consisting of five biologic markers affecting various points in the metastatic sequence 
(growth regulation, cell cycle regulation, apoptosis, angiogenesis, and metastatic adhesion factor) to further risk-stratify patients with NSCLC. The five biologic factors 
found to be significant predictors of survival in multivariable analysis were erbB-2, RB, p53, factor viii staining for angiogenesis, and CD-44. Combining these factors, 
patients are stratified into substage 1, zero to one markers; substage 2, two markers, or substage 3, three to five markers, with five-year survivals of 77%, 62%, and 
49%, respectively (p = 0.0001) (Figure 33.2).

FIGURE 33.2. Survival by Multivariate Model.

CONCLUSIONS

The TNM stage of NSCLC at diagnosis remains the most important determinant of survival. Clinical factors, including symptoms, performance status, and weight loss, 
have definitive prognostic value and may be used to supplement the current staging system. Certain pathologic characteristics (tumor size, nodal involvement) of the 
tumor can be used to stratify patients into risk categories, whereas the role of other factors (histology, differentiation) is currently less defined. Particularly in 
early-stage lung cancer, the size of the primary tumor correlates with survival. Identifying T2N0 as high-risk stage I disease, the Cancer and Leukemia group B 
(CALGB) is currently sponsoring an intergroup trial (CALGB 9633) to address the role of adjuvant chemotherapy (taxol and carboplatin) in addition to surgery in this 
group of NSCLC patients.

Significant research is ongoing, investigating the biology of NSCLC, and the roles of protooncogenes, tumor-suppressor genes, angiogenic factors, extracellular 
matrix proteases, and adhesion molecules are being elucidated. Although evidence is accumulating that K- ras, c-erbB-2, p53, bcl-2, RB, neovascularization, and 
extracellular matrix proteases are involved in NSCLC tumor virulence, the current studies are fraught with small sample sizes, heterogeneous populations, and 
variations in techniques. Other biologic markers, such as EGFr, blood group antigens, and blood group precursor antigens, were initially felt to have prognostic 
implications in NSCLC, but recent studies have not been able to confirm their value. Studies addressing the use of tumor proliferation markers as prognostic 
indicators have not conclusively proven their value. Prospective, large studies with homogenous groups designed to evaluate the role of these various markers should 
clarify their potential involvement in NSCLC.
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The emergence of strategies employing combination chemotherapy and radiotherapy have contributed significantly to the management of patients with small cell lung 
cancer (SCLC) during the last two decades. Most patients respond to initial treatment. Unfortunately, most also subsequently relapse, and cure for most patients with 
SCLC remains elusive. As with most patients with human malignancies, patients with SCLC undergo staging investigations. An attempt to define disease outcome 
determinants has also been a goal of management of patients with SCLC. This chapter highlights the traditional approaches to staging and the assessment of 
prognostic factors in SCLC. Emphasis is given to the limitations of the current staging system and the use of available prognostic factors. Finally, efforts to achieve a 
consensus for a staging classification for SCLC and novel statistical methodologies are outlined.

STAGING

Even though systemic chemotherapy is the mainstay of treatment for patients with all stages of SCLC, accurate clinical staging is important to determine whether it is 
necessary to add other treatment modalities, such as radiotherapy, and less frequently to identify the small subpopulation of patients who may be eligible for surgical 
resection or bone marrow transplantation protocols. Another reason for staging is to determine prognosis. This ability is particularly important for patients who are 
participating in clinical trials because accurate staging ensures comparability of the patients in each treatment arm and identifies subgroups of varying prognoses that 
should be stratified to provide balance in the arms. The first revised TNM staging system, 1 when applied to patients with non–small cell lung cancer (NSCLC) resulted 
in well-defined subgroups of patients whose prognosis depends on tumor size (T), extent of hilar or mediastinal node involvement (N), and presence or absence of 
distant metastases (M). Because the TNM staging system requires accurate surgical lymph node sampling, it has not been routinely applied to SCLC. Patients with 
this disease are seldom considered surgical candidates and commonly have radiologic evidence of hilar or mediastinal node involvement. At presentation, more than 
90% of patients have stage III (locally advanced) or stage IV (systemic metastases) disease. For these reasons, patients are usually staged according to a simple 
two-stage system developed by the Veteran's Administration Lung Cancer Study Group. 2 This system classifies patients as having limited disease (LD) when the 
tumor is confined to one hemithorax and its regional lymph nodes, including the ipsilateral mediastinal, ipsilateral supraclavicular, and contralateral hilar nodes. In 
essence, LD may be defined simply as a localized tumor that may easily be encompassed within an acceptable radiotherapy portal. Tumors that present with 
ipsilateral pleura effusions, left laryngeal nerve involvement, or superior vena cava obstruction are still considered limited. Pericardial involvement and bilateral 
pulmonary parenchymal involvement are considered extensive disease (ED) because the radiotherapy portal required to encompass this bulk of disease would be too 
large and would be associated with a significant risk of unacceptable toxicity. Any evidence of disease outside the thorax is classified as ED. In 1982, an expert panel 
of the International Association for the Study of Lung Cancer (IASLC) reviewed the staging of SCLC and recommended no change in this two-stage system because 
no stage-specific treatment of lung cancer was required. 3

Although this simple staging system has gained general acceptance, areas of controversy remain. With respect to nodal involvement, certain investigators believe 
that patients who have involvement of the contralateral mediastinal lymph nodes should be staged as ED, whereas others prefer to adopt a more liberal approach and 
recommend broadening the LD category to include not only contralateral mediastinal nodes but also contralateral supraclavicular nodes. 4 The staging of patients with 
ipsilateral pleural effusions also remains controversial. There is agreement that all patients with contralateral pleural effusions should be included in the ED category. 
Some investigators recommend inclusion of ipsilateral pleural effusions in the ED subgroup as well, whereas others suggest that such patients should be included 
only if the effusion demonstrates malignant cells on cytologic examination. A Southwest Oncology Group 5 analysis of outcome of patients with SCLC demonstrated 
that the survival of patients with isolated pleural effusions and no other evidence of systemic metastases was nearly identical to patients with LD. Further, the same 
group6 had reported previously that the prognosis was not altered significantly even when the pleural effusion contained malignant cells.

In 1989, the IASLC published a consensus report that arose out of a workshop on staging for SCLC. 7 They recommended that LD should include patients with hilar, 
ipsilateral, and contralateral mediastinal and ipsilateral and contralateral supraclavicular lymph nodes as well as patients with ipsilateral pleural effusions both 
cytologically positive and negative. They based these conclusions on the observation that the prognosis of patients with contralateral adenopathy and ipsilateral 
pleural effusions is superior to patients with distant metastatic disease and more closely parallels that of patients with LD.

A new TNM staging system for lung cancer has recently been introduced based on data from a recent publication by Mountain. 8 (See also Chapter 32) Both the old 
and the more up-to-date TNM staging system have not generally been applied to patients with SCLC, which is not likely to change in the near future. Although this is 
true, several groups have shown that TNM stage is prognostically important for the small subgroup of patients with SCLC who are able to undergo surgical 
resection.9,10 In two large surgical series, Shepherd and colleagues 9 and Karrer and associates10 reported five-year survivals of 68% and 62%, respectively, for 
patients with pathologically confirmed stage I tumors (T1-2, NO) treated by surgery and chemotherapy. In both these series, the survival of SCLC patients was similar 
to that of the same TNM subgroups of NSCLC patients. In an attempt to assess the impact of T and N staging on prognosis, the Toronto Group 11 undertook a 
retrospective study of 180 LD patients and identified a subgroup called very limited disease who had a more favorable prognosis. For these patients, who had no 
evidence of mediastinal or supraclavicular node involvement, obstructing tumors, or pleural effusions, the projected five-year survival was 25%. This unusually good 
prognostic group may be particularly important in the interpretation of clinical trials of new therapy.

In most series, about one-half to two-thirds of patients are found to have ED. This wide range is the result of variability in both the number of staging procedures 
undertaken and the sensitivity of the imaging modalities employed. With the introduction of more sensitive diagnostic techniques, more patients will be found to have 
ED. The removal of these “previously occult” ED patients from the LD group will result in an improvement in survival for both groups of patients (LD and ED), although 
the overall survival of the two groups will not change. This phenomenon of stage migration, or the Will Rogers phenomenon, in which increased sensitivity of staging 



techniques makes all stages of cancer patients appear to live longer, was first reported by Feinstein and colleagues. 12 Dearing and associates13 analyzed the effect of 
changes in staging procedures on prognostic factors over a 14-year period. They reported that brain involvement was associated with significantly shorter survival in 
patients treated before 1979 but not in patients treated thereafter. Brain metastases were diagnosed by radionuclide scanning before 1979 and by computed 
tomography (CT) after 1979. In contrast, the introduction of CT scanning of the abdomen led to a reduction in the proportion of patients who underwent routine liver 
biopsy. The scan was less sensitive than blind biopsies, and this led to a poorer prognosis for patients with liver metastases identified by scan than for those identified 
by histologic examination of biopsy material.

Staging Procedures

The subject of staging of SCLC has recently been reviewed 13 and the author's recommendations go along with our approach to this subject. Table 34.1 lists the 
staging procedures that are most appropriate for patients who are undergoing standard therapy and for those who are on clinical trials. All patients should have a 
complete history and physical examination, a chest radiograph, simple blood tests, including hematology with white blood cell differential and platelet counts, and 
biochemistry, including electrolytes, liver function tests, and alkaline phosphatase and lactate dehydrogenase (LDH) levels. For patients who are not in a clinical trial, 
some level of further investigation is required to determine whether they have LD or ED because patients with localized tumors are potential candidates for combined 
modality treatment programs that incorporate thoracic irradiation. Because the determination of all sites of metastatic involvement does not influence the choice of 
therapy, it may not be necessary to undertake all scans for all patients. The most common sites of extrathoracic involvement are the bone, liver, bone marrow, and 
central nervous system. If abnormalities are detected on the baseline history, physical examination, or laboratory screening tests, the initial staging tests should be 
directed by those abnormalities. Once a staging test is positive and ED has been confirmed, it is not necessary to proceed with the rest of the staging investigations 
unless required for a clinical trial. 14,15

TABLE 34.1. RECOMMENDED STAGING PROCEDURES FOR PATIENTS WITH SMALL CELL LUNG CANCER

As diagnostic procedures have become more sophisticated, the costs incurred to investigate patients with SCLC have also increased. In the absence of a specific 
therapeutic intervention that contributes significantly to long-term survival, these costly diagnostic procedures potentially only add to the cost of therapy without 
offering a significant benefit in terms of outcome. In this era of increased competition for healthcare funds, greater fiscal responsibility on the part of the physician is 
essential, and it becomes increasingly necessary to limit diagnostic and therapeutic procedures to those that have significant impact on treatment decisions or 
treatment outcome. Richardson and colleagues15 from the Navy Medical Oncology Branch of the National Cancer Institute developed an algorithm for staging SCLC 
patients. They recommend that patients should be staged using a sequence of procedures, rather than a standard battery of staging tests for all patients. They 
reported that approximately 20% of their patients were found to have ED on their initial history, physical examination, and routine biochemical screen. Those patients 
did not undergo any further scans. The patients who had no evidence of ED on their initial diagnostic evaluation underwent investigation of the bony skeleton first, 
followed by abdominal and then cranial CT. At each step, further testing was discontinued once a positive result was obtained. This series of staging procedures 
resulted in an overall cost saving of $1,418.00 per patient. The major factor in reducing costs was the concept of stopping subsequent staging procedures once a 
single site of distant metastatic disease had been identified.

Intrathoracic Staging

The plain posteroanterior and lateral chest radiograph is one of the most important diagnostic tests for patients with SCLC. 16 Its sensitivity, ease of performance, and 
low cost make this option the investigation of choice for repeated assessment of response during therapy. It is well recognized, though, that plain chest radiographs 
may underestimate the degree of chest wall invasion or involvement in the mediastinum either by direct extension of the tumor or by mediastinal lymph node 
metastases.

Computed Tomography

With the introduction of CT in the late 1970s, a giant step was taken in the ability to diagnose and stage lung cancer employing noninvasive imaging techniques. CT 
imaging confirms abnormalities seen on plain chest radiograph and can often detect lesions that cannot be resolved on chest radiograph. It also has played an 
important role in staging lung cancer, especially spread to areas of the mediastinum undetected on plain films, although perhaps it is more important for patients with 
NSCLC. There is a general agreement that normal mediastinal lymph nodes are less than 1 cm in transverse diameter. Any lymph node larger than this suggests 
lymphadenopathy and should be investigated further by more invasive techniques. 17,18

CT also can suggest possible areas of local invasion of the primary tumor to chest wall, vertebrae, or mediastinal structures. Small pleural effusions or pleural 
nodules, often undetected on plain films and evident on CT, are of uncertain significance. 19,20

An added advantage of CT scanning is the ability to detect abnormalities below the diaphragm, especially metastases to the liver and adrenal glands. CT for the 
investigation of lung cancer should include upper abdominal scanning to the level of the kidneys to include imaging of the liver and adrenal glands. With respect to 
determining metastatic spread to mediastinal lymph nodes, a large prospective study comparing the results of CT with pathologic staging of the mediastinum showed 
a sensitivity on a per-patient basis of 64% and a specificity of 62%. Although the likelihood of metastatic involvement increases with increasing size of lymph nodes, 
15% of nodes less than 10 mm in size may contain tumor, and conversely, as many as one-third of lymph nodes measuring 2 to 4 cm in diameter may not contain 
tumor.21,22 and 23 Although CT scans provide superior visualization of the soft tissues of the hila and mediastinum, confirmation of hilar or mediastinal lymph node 
involvement is not likely to alter treatment for most patients with SCLC. For that reason, CT scanning does not always play a critical role in the management of 
patients with this tumor, and the major uses of this diagnostic technique should be to plan radiotherapy for those patients found to have LD and to exclude patients 
with disease that cannot be encompassed in a tolerable radiotherapy port. In view of this, Richardson and colleagues 15 recommend delaying CT scanning until all 
other investigations have ruled out extrathoracic metastatic spread. This procedure could potentially reduce the number of CT scans needed by more than 60%. 
Unfortunately, however, many patients have already had a thoracic CT scan by the time they are referred to a medical oncologist. There is general agreement that 
magnetic resonance imaging (MRI) does not add significantly to plain chest radiograph or CT scanning for patients with SCLC. 24,25

Although positron emission tomography (PET) is being explored extensively in NSCLC for staging purposes, very little information is presently available on its value in 
staging SCLC. Because of both the lack of data and the lack of PET scanners worldwide, its use for the staging of this malignancy must presently be considered 
experimental. Invasive staging procedures to define the extent of intrathoracic tumor are seldom necessary for patients with SCLC. Fiberoptic bronchoscopy need not 
be undertaken, unless it is necessary to make a diagnosis. However, if bronchoscopic confirmation of complete response is required for patients participating in a 
research protocol, a pretreatment bronchoscopy is essential to compare results. 26 Similarly, mediastinoscopy is almost never required for patients with SCLC with the 
possible exception of the very small subgroup of patients with T1-2, NO tumor who may be considered for surgical resection. 11

Central Nervous System Metastases

Brain metastases are present at the time of initial diagnosis in approximately 10% of patients with SCLC 14,15 but may be present at autopsy in up to 65% of patients. 



Although MRI is probably superior to CT in the detection of brain and spinal cord metastases, CT scanning remains the most common staging investigation for the 
central nervous system. Because CT scanning is more sensitive than radionuclide scanning of the brain, it can identify considerably smaller tumor deposits. This 
method has the potential to significantly alter the prognostic implications of detecting metastatic disease in the brain. As shown by Dearing and colleagues 13 in their 
review of 411 patients with SCLC, brain involvement diagnosed by radionuclide scanning before December 1979 was associated with shorter survival, but this was 
not the case for patients treated thereafter who had their brain metastases documented by CT scanning. For the 19 patients in this series who presented with brain 
involvement as the only site of ED, survival was only slightly less than that of the LD patients. Other investigators have also reported that patients who have 
asymptomatic brain metastases diagnosed incidentally through staging procedures have a survival similar to that of LD patients. 27

Leptomeningeal involvement and carcinomatous meningitis are infrequent at the time of initial diagnosis of SCLC. Therefore, lumbar puncture and cytologic analysis 
of the cerebral spinal fluid should not be considered a routine staging procedure and should be undertaken only if indicated by clinical symptoms. Several lumbar 
punctures may be required to confirm the meningeal involvement. MRI may contribute significantly to the diagnosis of carcinomatous meningitis and may be more 
helpful than myelography, which will not demonstrate the tumor unless nodular lesions are present along the nerve root sleeves or the spinal cord.

Abdominal Staging

The liver and adrenal glands are common sites of metastatic involvement in SCLC. 14,15,28 Radionuclide scanning of the liver has virtually been abandoned in favor of 
ultrasound and CT scanning, which have the potential to detect not only liver metastases but also adrenal and other abdominal metastases. Hirsch and colleagues 28,29

 compared ultrasound and CT in a prospective study of seventy-seven patients undergoing staging for SCLC. For liver metastases, the diagnostic sensitivity, 
specificity, and negative predictive value were not statistically different, although the positive predictive value was slightly lower for CT than for ultrasound (0.67 
versus 0.86). Conversely, extrahepatic abdominal metastases were diagnosed more often by CT than by ultrasound, and in 14% of patients, extrahepatic metastases 
were diagnosed exclusively by CT. The median survival was 458 days for the 36 patients classified as having LD after both CT and ultrasound, compared to 242 days 
for the patients with ED. The median survival for the 10 patients with stage migration from LD to ED based on CT alone was intermediate at 242 days. In the subgroup 
of 22 good performance status patients with normal serum LDH and alkaline phosphatase levels, the two-year survival was 31%. Five of these patients were 
downgraded from limited to ED by CT scanning. When these five patients were removed from the good prognostic group, the two-year survival rose to 41%.

Some investigators30 have also recommended liver biopsies performed either under ultrasound guidance or by peritoneoscopy. In the prospective study discussed 
earlier, sixty patients underwent peritoneoscopy and biopsy as well as CT and ultrasound. In only one patient was metastatic disease identified by biopsy that had not 
been previously identified by CT or ultrasound. This result would indicate that invasive biopsy procedures are probably not indicated as a routine staging procedure. 
Dearing and colleagues31 assessed the prognostic impact of demonstrating liver metastases by biopsy as opposed to CT scan. They demonstrated that liver 
metastases were associated with shorter survival when diagnosed by CT scan compared to those identified microscopically by a routine liver biopsy. This finding 
again demonstrates the important impact that the sensitivity of individual staging procedures may have on the assessment of survival of cancer patients.

Bone Marrow Staging

A bone marrow aspirate and trephine biopsy reveal involvement of the marrow by SCLC in 20% or more of patients at the time of initial diagnosis, 15,32 but in less than 
5% of patients is this the only site of extrathoracic spread. Single iliac crest aspirations and biopsies are usually carried out, but some investigators have 
recommended bilateral biopsies. In contrast, oncologists have been questioning whether the bone marrow needs to be investigated. Campling and associates 33 were 
the first to report that bone marrow examination changed the stage in less than 5% of patients. Since then, similar results have been reported by other 
investigators,34,35 and there appears to be general agreement that bone marrow examination should be performed only when no metastatic sites have been found. In 
fact, outside the clinical trial setting, bone marrow examination can probably be abandoned completely for patients who have normal peripheral blood counts. This 
point is emphasized in a review by Shepherd. 36

When more sensitive techniques are employed, a higher incidence of bone marrow involvement may be detected. Stahel and colleagues 37 used a monoclonal 
antibody reactive with the surface membrane of SCLC cells, SM1, and tumor cells were detected in 69% of patients examined with this technique, compared to only 
16% when the bone marrow was examined only by routine microscopy. Unexpected marrow involvement has also been detected using systemically administered 
monoclonal antibodies,35 and SCLC colonies have been grown from apparently normal bone marrow in the tumor stem cell assay.34 Another method of possibly 
improving on the diagnosis of bone marrow involvement is the use of monoclonal antibody to MLuC1. In a recently published study, 38 when the bone marrow was 
incubated with this antibody, positive cells were detected in 38% of 108 samples 60 patients compared to only 13% of the biopsies not incubated with the antibody (p 
< 0.001), and these patients also had a poorer survival. Although these latter approaches may be useful for the evaluation of patients being assessed for possible 
autologous bone marrow transplantation, they must be considered research tools at this time and are not part of the routine evaluation of patients with SCLC. Many 
studies using MRI to evaluate bone marrow involvement by SCLC have been carried out. 39,40,41 This technique does seem to pick up involvement more often than 
other approaches but does not help to predict prognosis in these patients and, therefore, is still considered experimental in the staging of SCLC.

Biomarkers

Many biomarkers have been identified in patients with SCLC. Although they may correlate to the disease stage and provide some degree of prognostic information, 
most biomarkers have not proved to be useful independent prognostic indicators. Although rising levels of biomarkers may antedate clinical evidence of tumor relapse 
by several weeks or months, changes in tumor markers are seldom used to guide therapy.42 The consensus is that biomarkers are of little value for pretreatment 
prognosis or as early markers of relapse. They add only to the cost and should at this time be considered as research tools.

The single exception is the serum LDH level. Several investigators have found this simple biochemical test to be an extremely useful prognostic factor. 3,5 and 6,43 Other 
more recent studies confirm the value of serum LDH levels as a good independent prognostic factor in this disease. It is an independent prognostic variable, and 
serial measurements often mirror clinical response. Furthermore, Sagman and associates 44 reported that LDH levels were rarely normal in patients with bone marrow 
involvement. They recommended that patients with normal LDH levels need not be subjected to invasive bone marrow staging procedures. Although still controversial, 
many European studies suggest that elevated serum levels of neuron specific enolase (NSE) may be a useful marker to predict for a worse prognosis 45,46,47 This 
marker may be especially important because a high proportion of patients (88% in one study) have an elevated level of this marker at presentation; 45 therefore it may 
be possible to identify the small group of patients with normal levels who may have a particularly good survival. This marker is still not accepted as a routine to be 
used in patients with this disease. None of the markers discussed have been found to be better than clinical examination or imaging to detect early recurrence. 48

Monoclonal Antibodies

Several groups evaluated the usefulness of monoclonal antibodies in the detection of bone marrow metastases in patients with SCLC. Balban and colleagues 
reported their results with a technetium-99mm–labeled monoclonal antibody (NRLU-10 Fab) administered intravenously, followed by total-body scanning 14 to 17 
hours after injection. Fifteen patients were studied, and metastases to the marrow compartment were identified in one patient who had known bone marrow 
involvement. Unexpected radioactive marrow uptake led to the reassessment of the bone marrow and histologic confirmation of metastatic disease in two patients.

Skov and associates49 evaluated a panel of monoclonal antibodies using immunohistochemic techniques in the diagnosis of bone marrow infiltration. Although the 
monoclonal antibodies detected tumor deposits in patients with known involvement, they did not detect metastatic tumor in bone marrow sections from patients who 
did not have tumor identified by routine histologic examination.

Monoclonal antibody imaging techniques appear to be neither sensitive nor specific enough to replace any of the staging procedures more commonly in use. 
Nonetheless, monoclonal antibody staging of the bone marrow is potentially beneficial for the small proportion of patients who may be considered for high-dose 
chemotherapy and autologous bone marrow transplantation, should this type of treatment prove successful in future trials. Anti-Hu antibodies (HuAb) recognize 
antigens expressed by neurons and SCLC. In a recent study involving 196 patients, the presence of the antibody at diagnosis of patients with SCLC was found to be a 
strong and independent prognostic factor that predicted for complete response and hence prolonged survival. 50 This interesting data requires confirmation.

Many studies have been conducted to evaluate iii octreotide scans for staging patients with SCLC. 51,52,53 and 54,55 Although some of these studies are encouraging, 
many do not support its general use at the present time. It rarely detects disease not detected by other imaging techniques.



Other new markers, such as vascular endothelial growth factor, (VEG-F) 56 TPS and CYFRA-21-1,57 look promising as possible future prognostic factors in patients 
with SCLC based on the preliminary data from the quoted studies, whereas the presence or absence of anti- p53 antibodies does not look encouraging in this regard. 58

Restaging

Plain chest radiographs provide a simple and cost-effective way to follow patients and assess response during treatment for SCLC. However, as reported by Quoix 
and associates,59 the ability to reliably assess tumor size on chest radiographs falls considerably after treatment. Nonetheless, it should not be necessary to repeat 
CT scans routinely unless a radiotherapy decision needs to be made. For patients with LD who have responded to chemotherapy, little is to be gained by routine 
restaging of extrathoracic sites. In a retrospective study reported by Feld and colleagues 60 for the National Cancer Institute of Canada, posttreatment bronchoscopy 
revealed residual disease in 9% of patients who had achieved complete clinical response based on radiologic assessment. A small survival benefit was demonstrated 
for the subgroup of patients who had a negative posttreatment bronchoscopy, but because all patients received radiotherapy, the results of this investigation did not 
alter treatment strategies for any patient. The investigators suggested, therefore, that posttreatment bronchoscopy should be undertaken only in clinical trials. An 
economic analysis that was also part of this study supported the concept of not undertaking extrathoracic restaging. In contrast, Stahel 14 still recommends restaging, 
including repeat bronchoscopy.

New Concepts for Staging

Although the simple LD and ED staging system for SCLC has provided worthwhile prognostic and therapeutic information for several decades, analyses of large 
patient databases from several cooperative groups have identified subgroups of patients within both the LD and ED categories who have significantly different 
prognoses. Shepherd and colleagues11 reported significantly longer survival for patients with LD who had no evidence of mediastinal lymph node involvement, 
obstructive pneumonia, or pleural effusion. This subgroup of patients had a projected five-year survival of 25%, and because this group of patients represents most of 
the five-year survivors in this disease, an imbalance of this group in a clinical trial could have major consequences on the interpretation of outcome.

Albain and colleagues 5 for the Southwest Oncology Group, and Sagman and colleagues, 43 for the University of Toronto Group, have analyzed multiple prognostic 
variables using recursive partitioning and amalgamation techniques to refine the two-stage system.

PROGNOSTIC FACTORS

A general truism of both clinical and biologic aspects of SCLC is its remarkable heterogeneity. Studies of prognostic factors aim directly or indirectly to explain the 
nature of this heterogeneity. It has therefore become the goal of investigators to identify and assess prognostic factors as predictors of the natural history of the 
disease. Both practical and theoretic reasons for studying prognostic factors exist, particularly as they relate to SCLC. A priori, it should be possible to predict the 
outcome of patients with disease with a great degree of accuracy. The assessment of prognostic factors also allows for valid comparison in assessing the results of 
treatment. As such, prognostic factors are used to stratify patients into comparable prognostic groups. In the design of clinical studies, prognostic factors are used to 
define eligibility criteria or assignment of patients into specific risk groups. Prognostic factors therefore aid in the stratification of patients and aim to minimize 
confounding factors that may influence the results of treatment. Prognostic factors may also serve as a guide in the selection of alternative treatment for patients both 
in clinical studies and in the management of individual patients. Finally, prognostic factors may clarify the understanding of the natural history of the disease and 
hence may provide insight into further studies.

Relation to Staging

The primary role of staging investigations is to assess tumor bulk and its anatomic distribution. The extent of detectable tumor spread, however, has inherent 
limitations in predicting the natural history of the disease, and in fact measurable extent of disease may not necessarily reflect the aggressivity of the tumor. Staging, 
therefore, cannot be used in isolation in making accurate prognostication. The influence of other factors that may reflect tumor activity must complement clinical 
staging. The identification of prognostic attributes that reflect the biologic behavior of tumors have led to the realization that several factors provide separate and 
additional value in the prediction of disease outcome. In turn, efforts have been mounting to exploit the collective impact and influence of select prognostic factors in 
addition to disease extent.

Chronology

The most consistent prognostic attribute in SCLC in the past was extent of disease as determined by staging investigations. Disease extent partitions patients into 
those with disease confined to a hemithorax (LD) and those with disease outside those confines (ED). As demonstrated universally and by data from the Toronto 
group (Figure 34.1), the probability of survival for LD patients is significantly superior relative to that for patients with ED. Further progress in the identification and 
assessment of prognostic factors in SCLC has evolved along two principal paths. First, it has become apparent that the current staging system lacks stringency and, 
in fact, may not reflect tumor burden accurately, so that dissection of each stage by further assessment of tumor bulk is essential. As illustrated in Figure 34.2, 
evidently, patients with LD can be further divided into those with and without mediastinal involvement, and the number of metastatic sites further segregates patients 
with ED. Consequently, four distinct prognostic groups are formed. Furthermore, the actual metastatic site bears prognostic significance in patients with ED, as 
illustrated by the uniformly grave outcome for those with brain involvement and the more favorable prognosis for those with bone metastasis relative to patients with 
liver spread (Figure 34.3). The amalgamation of patients into either disease category under the current system enshrines prognostic biases that may have deleterious 
bearing on treatment planning approaches and on the interpretation of response to treatment.

FIGURE 34.1. Overall survival curves from date of first treatment for patients grouped by extent of disease.

FIGURE 34.2. Overall survival curves from date of first treatment according to mediastinal involvement for patients with limited disease (LD) and according to number 



of metastatic sites for patients with extensive disease (ED).

FIGURE 34.3. Overall survival curves from date of first treatment for patients with extensive disease according to specific sites of metastasis.

Second, it has become clear that clinical staging is an important prognostic factor but of a different nature from biologic factors. The influence of biologic prognostic 
factors are to be seen as a measure of tumor aggressivity and must complement clinical staging. As an example, in Figure 34.4, elevated levels of serum LDH in 
patients with LD predict poorer survival relative to patients with LDH in the normal range. Moreover, the survival of a subset of LD patients, those with markedly 
elevated levels of LDH, is not significantly different from that of patients with ED.

FIGURE 34.4. Survival curves from date of first treatment for patients grouped by extent of disease and by different ranges of pretreatment serum lactate 
dehydrogenase (LDH) levels.

Emphasis on the further assessment of tumor bulk and the identification of substances that reflect the biologic behavior of tumors have led to the identification of 
numerous prognostic factors in SCLC. These factors encompass attributes of clinical determinants, tumor markers, routine laboratory parameters, biologic features, 
and host factors. Table 34.2 outlines the most important of these prognostic factors. The realization that several factors provide separate and additional value in the 
prediction of disease outcome forged the basis for analysis of multivariate prognostic models. These models, in turn, seek to exploit the collective impact and 
importance of select prognostic factors. Multivariate models inherently depend on the methodology used for their development. Traditional and novel methods have 
been used in the analysis of multivariate models. These methods are described in more detail before a discussion of multivariate prognostic models for SCLC.

TABLE 34.2. SUMMARY OF PROGNOSTIC FACTORS IN SMALL CELL LUNG CANCER

STATISTICAL METHODS FOR PROGNOSTIC STRATIFICATION

Standard methods for forming prognostic strata are the familiar statistical tools used to explore censored survival data, such as the Kaplan-Meier estimator of the 
survival function,61 the logrank test statistic for assessing differences in survival between two or more groups, 62 and Cox's proportional hazards regression model. 63 
These methods are well known and often used for developing prognostic stratifications. In addition, tree-based methods for exploring survival data have been 
developed and are particularly useful for forming prognostic groupings of patients.

Tree-Based Methods for Survival Data

Tree-based methods, often called recursive partitioning methods, have found applications in many scientific fields, including pattern recognition, artificial intelligence, 
and medicine. Tree-based methods have several advantages over traditional linear model methods such as linear regression, logistic regression, or the Cox 
regression models. Probably most important to clinicians, the decision tree representation of the model can yield easier interpretations than linear models, especially 
for classification and prognostic stratification. Although the tree-based methods have been in existence since the early 1960s, 64 advances in the methodology, as 
included in the Classification and Regression Tree (CART) algorithm of Breiman, Friedman, Olshen, and Stone, 65 and the availability of software have helped 
tree-based methods become popular tools for classification.

Tree-based methods as applied to prognostic classification models can be described as follows: A rule splits the initial patient population into two groups according to 
a splitting rule that maximizes their differences. This splitting rule is applied repeatedly until all the patient population has been split into prognostic groups, each 
containing only a few observations. The partition is represented as a binary tree. The data within each of the prognostic groups is assumed to be relatively 
homogenous. Therefore, for survival data, the simple Kaplan-Meier estimate of the survival function can be used to describe prognosis in each group. Typically, a 
large tree or model that overfits the data is formed to ensure that all possible distinct prognostic groups have been investigated, and the tree is then “pruned” back. 
This process is analogous to forward stepwise regression and backward stepwise regression methods that are available in many statistical packages. A schematic of 



the recursive partitioning approach is depicted in Figure 34.5.

FIGURE 34.5. The first split decision statement (SDS) allocates patients into internal nodes 2 and 3 as stipulated by covariates Xii and Xi, respectively. Recursive 
splitting of nodes 2 and 3 by SDS 2 and SDS3 culminates in four terminal nodes dictated by covariates Yi and Yii for nodes 4 and 5, respectively, and Zi and Zii for 
nodes 7 and 6, respectively. Terminal nodes 4 and 7 are distinctly different with regard to the outcome criteria, and hence by definition are designated as classes A 
and C, respectively. Terminal nodes 5 and 6, which originate from different internal nodes, are similar with regard to the outcome criteria and hence are amalgamated 
into a homogeneous class, B. Classes A, B, and C are homogeneous and by definition significantly different from each other. Recursive partitioning steps are outlined 
by solid lines, and the amalgamation algorithm by broken lines. Note that the root defines the initial patient population.

Tree-based methods for survival data that adopt most aspects of the CART algorithm have been proposed by several authors. 66,67,68,69 and 70 Although differences exist 
in the algorithms, basic components of the tree-based methods for survival data include general rules. For the sake of brevity, these have been expounded on in the 
Appendix at the end of this chapter and are outlined under the headings.

Multivariate Models

During the past decade, at least nine groups reported on multivariate assessment of prognostic factors for SCLC. These models used different statistical 
methodologies, with most employing proportional hazard models ( Table 34.3). Some conclusions could be drawn from the tabulation of factors incorporated into these 
models. The first is that each model uses a different permutation of prognostic factors; that is, no two models used identical factors. Second, most models used factors 
in addition to those employed in clinical practice, such as disease extent and performance status. For example, mediastinal status in LD and sites of disease in ED, 
and age and sex as attributes of disease bulk and patient characteristics, respectively, were predominant in most models. These same conclusions are further 
illustrated with the incorporation of biologic attributes in these same models. These attributes included serum LDH and alkaline phosphatase biochemically; aspartate 
transaminase, albumin, urate, sodium, and bicarbonate, serologically; and hematologic parameters, such as hemoglobin and total white blood cell count. Here, in fact, 
some models have not incorporated any of these biologic attributes, whereas others used them exclusively in their models.

TABLE 34.3. MULTIVARIATE ASSESSMENT OF PROGNOSTIC FACTORS IN SMALL CELL LUNG CANCER

Reasons for the analysis of multiple prognostic factors vary. The methods of analysis used may depend heavily on the reasons for doing the analysis. In considering 
assessment of multiple factors, interactions between prognostic factors are important and, in fact, not explored fully by the proportional hazard models. Therefore, 
other multivariate methods were evaluated in the analysis of prognostic factors in SCLC.

Tree Classification Approach

As a statistical tool, recursive partition and amalgamation algorithm have been developed in an effort to integrate clustering and amalgamation techniques into a 
biomedical context. The tree classification methodology and respective computer program have been detailed elsewhere. 67 In its application to data on SCLC, the aim 
of the analysis is to define homogeneous prognostic strata on the basis of censored survival times. At the University of Toronto Hospitals, we have accrued 
retrospective data on 614 patients with SCLC entered into four therapeutic studies during a ten-year interval (1976 to 1985). Twenty-one prognostic factors 
encompassing attributes of both clinical and biologic significance were evaluated by the tree classification method. Figure 34.6 illustrates the tree classification model 
for the patients with SCLC. Disease extent, the first split decision statement, partitions the initial population into those with LD and ED. Subsequent partitioning of 
those with LD ensues by knowledge of mediastinal status, white blood cell count, sex, and serum LDH. Patients with ED are further partitioned by the attributes, 
performance status, serum alkaline phosphatase, sex, and liver involvement. Ultimately, the amalgamation of eight terminal nodes elaborates four prognostic groups. 
The respective survival curves of the groups are illustrated in Figure 34.7.

FIGURE 34.6. Tree classification model for patients with small cell lung cancer. Classes A, B, C, and D are homogeneous and significantly different from each other. 
By definition, leftward branchings and increasing class order denote poorer prognosis. LDH, lactate dehydrogenase; LD, limited disease stage; ED, extensive 
disease.



FIGURE 34.7. Survival curves for the prognostic groups identified in the tree classification model.

Several features are important to emphasize regarding the tree classification model. First, in contrast to multivariate regression models, in which prognostic factors 
impart global influences, the tree classification model emphasizes interactions among prognostic factors and hence identifies the importance of specific prognostic 
factors to specific subpopulations of patients. Second, the assignment of patients by the tree classification model into four prognostic groups defies the conventional 
two-stage classification for SCLC and, hence, infers that the current staging system has inherent limitations. In fact, the intermediate prognostic groups (B and C; see 
Figure 34.6) are obtained by amalgamating nodes issuing from both the ED and LD categories. Finally, the model clearly shows that patients in each prognostic group 
are easily identified by a constellation of distinct prognostic attributes. A particular advantage of the tree classification model, then, is that the identification and 
definition of prognostic groups in clinical terms enable the application of complex prognostic analysis to direct clinical settings.

Consensus Model

As joint consideration of many prognostic factors led to development of diverse prognostic models, a need to establish a consensus model evolved. Ideal methodology 
to achieve this aim is being sought to enable applications both in clinical trials and in the management of individual patients. Toward this end, efforts have been 
mounting to develop a new prognostic classification for SCLC through an overview analysis of available collective data.

A working schema for the attainment of a consensus model through an overview analysis has been developed. The analysis was based on an aggregated pool of 
prognostic data from diverse international centers conducting studies on lung cancer. The tree classification methodology was chosen for the analysis as a vehicle for 
use both in clinical trials and in the management of individual patients. The variables selected to define the resulting four prognostic groups allocated a pivotal role to 
serum LDH in addition to extent of disease and performance status.71 The other prognostic variables chosen to define prognostic groups included age, sex, and the 
present of brain metastases. The consensus model was tested for each individual center participating in the overview analysis. Similar prognostic groups were 
obtained for each center.

The consensus model confirms the importance of select prognostic attributes that bear on disease outcome in addition to knowledge of disease extent, which 
traditionally is assessed by staging procedures. The impact of newer approaches to prognostication and staging in SCLC is yet to be fully realized in patient care. 
However, as more effective treatments evolve, it is hoped that staging strategies and disease prognostication will bear more extensively on direct patient 
management, clinical studies, and healthcare costs.

Recent Studies

A group of Danish investigators tried to identify a subset of SCLC patients at increased risk for early death due to treatment. 72 They looked at a population of 937 
patients on recent randomized trials by this group. Poor performance status, high serum LDH at presentation, and initial therapy with epipodophyllotoxins (etoposide 
and tenoposide) and cisplatin during the first course of therapy predicted for a high risk of early toxic death. They produced an algorithm to remove the high-risk 
patients from clinical trials to minimize early deaths. The Medical Research Council in Great Britain also posed a similar question. 73 This kind of data could be very 
useful if it is confirmed by others.

A 408-patient study evaluated the prognostic significance of the presence or absence of superior vena cava syndrome as part of the initial presentation of SCLC 
patients.74 They were surprised to find that the syndrome was not a negative prognostic factor. Rapid treatment with present-day active combination chemotherapy 
along with the high response rate usually makes this syndrome nonissue, but this data confirms our clinical impression and allows us to reassure patients regarding 
this common and somewhat terrible syndrome.

An English group looked at the value of other prognostic models in this disease and developed a prognostic index that included initial serum LDH, hypoalbuminemia, 
neutrophilia, disease extent, and performance status. 75 The index defined three different risk groups with quite different survivals, but this data was not very different 
from other published studies on this subject.

A Danish cooperative group published an important study looking at the characteristics of long-term survivors (5 and 10+ years) treated for SCLC. 76 Seventeen 
hundred and fourteen consecutive patients were included in the study. The characteristics of the patient's surviving 5 to 18+ years were analyzed. The five-year 
survival was 3.5% and the ten-year survival was 1.8%. Late relapses occurred in 15% of patients surviving longer than five years and secondary malignancies 
(including lung) occurred in 20% of these long-term survivors. Extensive disease, performance status more than 2, liver and bone metastases, and elevated serum 
LDH at presentation were all had prognostic factors. The authors concluded that long-term surviros were at high risk for continued relapses and death because 
disease but also were at high risk for aerodigestive second malignancies (mostly smoking associated). This high risk of second malignancies has been seen 
worldwide, particularly associated with continued smoking. 77,78

A Swiss cooperative group looked at something a little different. 78 They used quality of life as an endpoint rather than survival in a group of patients treated for SCLC 
on a clinical trial. Patients with poor prognostic factors especially poor performance status, extensive disease, and significant weight loss reported a worse quality of 
life at baseline but improved on treatment. More data of this kind may be helpful in the care of these patients.

Staging and prognostic factor analysis evolved since the first edition of this book, and the changes and new data have been reviewed. Staging has changed the least, 
but many new potential prognostic factors have been identified. More models and indexes, are also available to consider for use in clinical trials. These new factors 
require more study, and then models need to be developed that select out which of the factors are truly independently significant and which ones can be substituted 
for by older and more well-established factors. This study required a worldwide effort perhaps best facilitated by IASLC. Our prime aim for the future is to develop a 
simple prognostic index that can be easily applied by clinicians all over the world to give their patients the best information on their prognosis and to help select 
appropriate patients for specific clinical trials.

APPENDIX

Growing a Tree-based Model

Tree-based methods for survival data split the covariate space on a rule that maximizes some measure of improvement. The simplest and most interpretable class of 
splits are those on a single covariate; they can be described by the following rules:

1. Each split depends on the value of one predictor Xj.
2. If Xj is an ordered variable, splits induced by questions of the form, “is Xj < c?” are allowed; for example, “is sodium < 136?” Note that if a variable has K distinct 

values, up to K - 1 different splits are possible.
3. If Xj is nominal, with values in B = {b1, b2, .., b'}, then splits induced by any question of the form, “is Xj in S,” where S is a subset of B, is allowed; for example “is 



smoking in (never, infrequently).”

Partitioning a node, h, involves finding the split, s, among all variables and values of the variables that maximize some measurement of improvement, G(s, h). In our 
case, G(s, h) is usually a standardized two-sample logrank test statistic between the resulting two groups of observations; however, G(s, h) could also be the 
reduction in the model deviance:

(1)

where R(h) is the deviance for node h being split, and R(1(h)) and R (r(h)) are the deviances for the left and right daughter nodes 1(h) and r(h).

The split, s, that corresponds to the variable and value that maximizes G(s, h) is chosen to partition the data. The procedure is then repeated on each of the resulting 
groups of data until a large tree that overfits the data is constructed.

It is important to determine if splits in the tree represent real structure in the survival times or if they are just caused by chance. This determination is not easily made 
because of the large number of possible splits that are evaluated before choosing a split. Simple calculations for approximate p-values that do not account for the 
multiple-comparison problem are not valid; therefore, better ways of helping to determine the tree size are needed.

Pruning and Selecting Tree Size

After growing a large tree, informal methods of removing branches (or terms) can be used to select a set of more parsimonious tree-based models. For instance, one 
could start removing the splits lowest in the tree that correspond to the smallest improvements G(s, h), or the smallest logrank test statistics or reductions in deviance. 
A more formal method of obtaining good trees can also be used. In the CART algorithm, the cost–complexity measure of tree performance is:

(2)

where a is a penalty per terminal node, R(h) is within-node goodness-of-fit, and T are the terminal nodes in the tree.

Some authors have proposed using exponential model deviance for R( h), a full likelihood deviance based on the proportional hazards model or other measurements 
of goodness-of-fit. The parameter, a, controls the tradeoff between how well a tree fits the data and the simplicity of the tree. The advantage of using such a penalty is 
that a simple and efficient algorithm exists for finding the best pruned subtree (a tree obtained by removing splits or branches) for any parameter, a. This issue is 
important because a tree with only 32 terminal nodes can have almost 500,000 different pruned subtrees.

A measure of tree performance analogous to the cost complexity of the CART algorithm can also be defined for recursive partitions based on two sample logrank tests 
statistics, when within node error is not used to grow or prune the tree. Let S = T - T denote the set of internal nodes of T. Again, define a ³ O as the complexity 
parameter, and define split complexity Ga (T) as

(3)

where G(T) is the sum over the standardized splitting statistics, G(h), in the tree T:

(4)

Just as with the cost–complexity measure, there is an efficient way to find the best pruned subtree for any complexity parameter, a.

Pruning algorithms based on the complexity measures described gives the best trees for various values of parameter a. Alternative, less formal methods can also be 
used to obtain a smaller number of potential tree-based models.

Finally, an important difficulty is picking the best tree objectively. The expected deviance or prediction error can be estimated by K-fold cross-validation. 47 
Boot-strapping methods or permutation techniques can be used to select tree sizes for methods that only use two sample test statistics. 52

Combining Nonadjacent Nodes and Missing Data

Until this point, we have only pruned the tree-based models or equivalently recombined adjacent nodes in the tree. However, only a few prognostic strata with widely 
different survival may be required, and some nonadjacent nodes in the tree may have similar prognoses. Therefore, methods have been developed for recombining 
nodes with the most similar prognoses.49,52

Tree-based methods can efficiently use data with missing values on some covariates. For some tree-based methods, if an observation is missing on a variable chosen 
for a split, then the observation stops at that branch of the tree. However, if an observation is not missing on the variable used in the split (but it can be missing values 
for other variables), then it can be used farther down in that branch. Note that this is different than for other regression methods, which require that all observations 
have complete data.

For example, consider a tree grown for SCLC. Suppose that a split is on LDH but that many of the observations are missing LDH, so those observations could not be 
used in branches below an LDH split. However, observations missing on another covariate, such as sodium, could still be used farther down the tree for modeling.

Other methods, such as CART, even use observations that are missing on the variable corresponding to the split by using surrogate variables (correlated to the 
missing variables with the missing values) to send those observations down the tree.
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MEDIASTINOSCOPY

Historical Perspectives

The first formal diagnostic technique for pathologic evaluation of mediastinal lymph nodes was described by Daniels in 1949 1 and consisted of digital exploration of 
the superior mediastinum following a scalene fat pad biopsy. In 1954, Harken 2 introduced a Jackson laryngoscope to visualize and explore paratracheal mediastinal 
lymph nodes via bilateral cervical incisions. He was the first to associate poor survival following surgical resection with the presence of tumor in mediastinal lymph 
nodes. Radner, in 1955, reported the value of a single suprasternal notch incision to provide bilateral access to the paratracheal nodes. 3 Carlens introduced the use 
of a cervical mediastinoscope under general anesthesia and named the procedure mediastinoscopy.4 Although mediastinoscopy rapidly became popular in Europe, it 
was not until the mid 1960s that Pearson and colleagues in Toronto began performing mediastinoscopy routinely in the prethoracotomy staging of non–small cell lung 
cancer (NSCLC). They established systematic mediastinal lymph node evaluation as a reliable procedure for the appraisal of the regional extent of metastatic disease 
in NSCLC.5,6

Indications

Mediastinoscopy is utilized to demonstrate the presence or absence of metastatic disease in the ipsilateral or contralateral mediastinal lymph nodes. Similar to any 
test, it should be performed only if the results will alter the patient's future therapy. Biopsy of bulky, unresectable, mediastinal lymph nodes in a patient with a lung 
mass provides both a diagnosis and staging information. Biopsy of enlarged but potentially resectable lymph nodes may document evidence of metastatic disease in 
multiple levels, a finding that places the patient in a cohort with an extremely poor prognosis. Similarly, patients with T3 or T4 tumors should undergo mediastinoscopy 
regardless of lymph node size because these patients do not appear to benefit from pulmonary resection in the presence of mediastinal lymph node metastases.

Patients with synchronous bilateral pulmonary lesions may have either two primary lung cancers or a single tumor with a solitary metastases. By convention, if tumor 
is not present in the mediastinal lymph nodes, then the tumors are treated as independent neoplasms. Therefore, a mediastinoscopy is indicated to determine if the 
patient should be treated for two early-stage lung cancers or stage IV disease. Mediastinal lymph node biopsy may also be required to determine patient eligibility for 
participation in neoadjuvant therapy trials. Finally, the rare patient with documented small cell lung cancer (SCLC) that has presented as a solitary pulmonary mass 
should undergo mediastinoscopy prior to pulmonary resection.

The role of mediastinoscopy remains controversial in the absence of enlarged mediastinal lymph nodes. If the attending physicians believe that the presence of any 
tumor within the mediastinal lymph nodes, no matter how minute, renders the patient inoperable (at least initially), then mediastinoscopy should be performed 
routinely. If, however, the consensus is to recommend removal of completely resectable N2 disease (usually disease in a single nodal level), then mediastinoscopy is 
unnecessary. This approach is satisfactory for patients with right lung cancers in whom all the ipsilateral mediastinal lymph nodes are easily resected during a right 
thoracotomy. However, because of the aortic arch, the left paratracheal region is not readily accessible during a left thoracotomy; therefore, some surgeons believe 
that all patients with resectable tumors of the left upper lobe should undergo mediastinoscopy. 7

Relative Contraindications

Few anatomic conditions preclude safe cervical mediastinoscopy. These include severe cervical arthritis (preventing adequate extension of the neck and physical 
insertion of the scope), the presence of a large cervical goiter, extensive calcification or aneurysmal dilatation of the aortic arch or innominate artery, and the 
presence of a tracheostomy. Repeat mediastinoscopy can be safely accomplished in most patients despite the peritracheal fibrosis and obliteration of cervical 
mediastinal fascial planes caused by prior mediastinoscopy.

STANDARD CERVICAL MEDIASTINOSCOPY

Mediastinoscopic examination of the mediastinum via the standard cervical approach allows assessment of the highest mediastinal and upper and lower paratracheal 
mediastinal lymph nodes (levels 1, 2R, 2L, 4R, and 4L) as well as anterior subcarinal lymph nodes (level 7). Standard cervical mediastinoscopy has a sensitivity of 
85% to 90%, a specificity of 100%, and a negative predictive value of greater than 90%. Cervical mediastinoscopy remains the most accurate modality for 
preresectional mediastinal staging of patients with NSCLC 8 (Table 35.1).



TABLE 35.1. CORRELATION OF PREOPERATIVE STAGING MODALITY WITH PATHOLOGIC NODAL STAGING

Operative Technique

General endotracheal anesthesia is established, and the patient is placed supine with the occiput at the edge of the operating table. A right radial artery catheter 
and/or a digital pulse oximeter are utilized to monitor not only blood pressure and oxygen saturation, but also the duration and extent of inadvertent innominate artery 
compression that occurs during the procedure. A roll is placed beneath the shoulders, and the neck is hyperextended to draw the trachea upward from the 
mediastinum and to facilitate insertion of the mediastinoscope. The endotracheal tube is positioned in the mouth contralateral to the side from which the surgeon 
utilizes the dissecting instrument. The anterior chest is prepped and draped to the level of the xiphoid and a 3- to 4-cm transverse skin incision is made approximately 
1 to 2 cm above and parallel to the sternal notch. The incision is carried through the platysma, the strap muscles are retracted laterally, and a longitudinal dissection 
plane is developed down to the pretracheal fascia.

The pretracheal fascia is incised and elevated by insertion of the index finger into the pretracheal space ( Figure 35.1). This important maneuver permits blunt digital 
dissection of the pretracheal space to the level of the carina and often allows palpation of abnormal lymph nodes. The mediastinoscope is introduced into the 
predissected tunnel and is gently advanced under direct vision ( Figure 35.2). A blunt dissecting instrument equipped with suction and cautery is utilized to identify 
both the constant nonlymphatic structures and the mediastinal lymph nodes. The carina, proximal mainstem bronchi, innominate artery, main pulmonary artery, and 
azygous vein are commonly visualized. In order to avoid injury to the left recurrent laryngeal nerve, dissection in the left paratracheal region should be performed 
cautiously and the cautery used sparingly. After adequate hemostasis, the wound is closed in layers. A video-mediastinoscope is useful for demonstrating the 
operative technique.

FIGURE 35.1. The innominate artery is palpable anteriorly. A gentle sweeping motion clears soft tissue from the anterior tracheal surface. (Reproduced with 
permission of WB Saunders from Seminars in oncology, 1993, Sugarbaker D and Strauss G.)

FIGURE 35.2. A small-gauge needle may be used to aspirate the “lymph node” prior to biopsy in order to avoid injury to vascular structures. No attempt is made to 
excise the entire lymph node. A twisting motion, rather than a direct pull, is used to remove the biopsy specimen. (Reproduced with permission of WB Saunders from 
Seminars in oncology, 1993, Sugarbaker D and Strauss G.)

Complications

Minor hemorrhage, most commonly related to the bronchial arterial supply to the mediastinal lymph nodes (particularly the subcarinal nodes), is the most common 
complication. This is usually controlled with electrocautery or gauze packing. Massive hemorrhage from injury to a major blood vessel is potentially life-threatening 
and requires prompt recognition, tamponade, and repair. Bleeding from the azygos vein can sometimes be controlled by packing the mediastinum. However, a right 
thoracotomy may be necessary to achieve hemostasis. Injury to the innominate artery, aortic arch, or pulmonary artery generally requires a sternotomy for repair. 
Another rare complication of mediastinoscopy potentially requiring thoracotomy is tracheobronchial tear.

Other structures at risk of injury during standard cervical mediastinoscopy are the left recurrent laryngeal nerve (vulnerable at the left tracheobronchial angle), the 
mediastinal pleura (right greater than left), and the esophagus (vulnerable in the posterior subcarinal region). Recurrent nerve palsy and pneumothoraces are 
generally treated observantly. Esophageal perforation is rare and may elude diagnosis until signs and symptoms of mediastinal sepsis develop.

Despite the potential complications, cervical mediastinoscopy is a safe procedure and is commonly performed in the ambulatory setting. Pearson reported minor 
complications in 1.6% of 432 patients who underwent mediastinoscopy (2 pneumothoraces, 3 recurrent nerve palsies, and 2 hemorrhages). 6 No patient required 
thoracotomy and no patient died following the procedure. Coughlin 9 documented 1,259 consecutive preresectional mediastinoscopies performed in patients with 
proven and operable lung cancer; no deaths occurred. Right pneumothorax was the most common complication, occurring in eight patients, and in every instance was 
the result of transmediastinal pleural biopsy of the lung. Seven patients had left recurrent nerve injury, three of whom recovered with normal voice. Three patients 
(0.2%) required thoracotomy for a pulmonary artery branch avulsion, an esophageal tear, or a cautery burn of the right main bronchus. Complications occurred in 
1.7% of patients. Luke reported10 1,000 cervical mediastinoscopies. Three patients (0.3%) sustained major complications that required thoracotomy two for 
hemorrhage, one for tracheal tear), and twenty patients (2%) sustained minor complications for a collective morbidity of 2.3%; no operative mortality occurred.



SCALENE LYMPH NODE BIOPSY WITH THE MEDIASTINOSCOPE

Scalene lymph nodes are no longer routinely biopsied as part of the preoperative evaluation of patients with NSCLC. However, investigators have reported that occult 
metastases may be found in nonpalpable lymph nodes11,12,13 and 14 in 4% to 24% of patients with potentially resectable cancers. The presence of tumor in the 
supraclavicular lymph nodes (N3) drastically alters the prognosis and treatment recommendations. Therefore, evaluation of this region is appropriate.

Lee and Ginsburg1 have described a modification of standard cervical mediastinoscopy that permits biopsy of the supraclavicular lymph nodes. Following completion 
of the mediastinal biopsies, the mediastinoscope is rotated behind the carotid sheath and into the supraclavicular fossa ( Figure 35.3).

FIGURE 35.3. The medial aspect of the scalene fat pat is dissected and lymph nodes biopsied or removed. (Reproduced with permission of Elsevier Science LTD 
from Annals of thoracic surgery, 1996;62:338, Lee D and Ginsberg R.)

Results

The authors have reported their experience with a select group of 81 patients in whom N2 or N3 disease was suspected. Twenty-nine patients were proven N0 by 
standard mediastinoscopy, and none had supraclavicular lymph node metastases. However, of the 39 patients found to have metastases to the N2 lymph nodes, 15% 
also had tumor in the supraclavicular lymph nodes. Finally, 13 of 19 (68%) patients with contralateral N3 disease also had metastases to the supraclavicular lymph 
nodes. All of the tumor-containing supraclavicular lymph nodes were found in patients whose tumors were central (visible by fiberoptic bronchoscopy) and of 
nonsquamous histology.

EXTENDED CERVICAL MEDIASTINOSCOPY

Extended cervical mediastinoscopy (ECM), a procedure originally described by Kirchner in 1971, 16 has been popularized by Ginsberg and colleagues 17 as a single 
staging procedure for preoperative assessment of bronchogenic carcinomas of the left upper lobe. Considered as an alternative technique to circumvent the 
limitations and potential complications of anterior mediastinotomy, ECM has been designed to provide full invasive staging of the paratracheal and para-aortic 
mediastinal lymph nodes in patients with left upper lobe tumors. Indications are similar to those previously cited for mediastinoscopy.

Operative Technique

Following completion of a standard cervical mediastinoscopy, the mediastinoscope is withdrawn from the cervical incision. The fascia investing the aorto-innominate 
junction is opened with an index finger, and the innominate triangle along the anterolateral surface of the aortic arch posterior to the innominate vein is entered 
(Figure 35.4). The mediastinoscope is gently advanced through the previously created tunnel into the para-aortic mediastinal compartment. Utilizing blunt dissection, 
the loose fatty tissue encompassing the lymph nodes is cleared and node biopsies are obtained. Care is taken not to transgress the mediastinal pleura. After ensuring 
absence of significant bleeding, the mediastinoscope is withdrawn and the cervical incision is closed in the usual fashion.

FIGURE 35.4. A: Finger dissection between the innominate artery and left carotid arteries. B: The mediastinoscope in place for anterior mediastinal and 
aortopulmonary node biopsy. (Reproduced with permission of Lippincott-Raven from Mastery of cardiothoracic surgery, pg. 23, Kaiser, ed.)

Complications and Results

ECM has a steep learning curve and should be employed with caution. The first attempts with this technique should be performed with an anterior mediastinostomy 
counter-incision to allow bimanual palpation and to facilitate atraumatic advancement of the mediastinoscope into the innominate triangle. 17 Ginsberg and associates 
from Toronto reported the results of their first 100 consecutive patients with left upper lobe tumors who underwent ECM. 18 Twenty patients were found to have nodal 
spread to the superior or anterior mediastinum or both, with seven patients having sole involvement of the superior mediastinum. A total of 75 thoracotomies were 
performed, and 74 patients were able to have complete resection of their tumors. Eight false-negative ECM procedures were reported. In each, microscopic N2 
disease in the level 5 or 6 lymph nodes was identified only following a final histologic examination. In all eight patients the tumors were completely resectable. In this 
series, the only reported complication was a superficial cervical wound infection.

Lopez and associates reported the use of ECM in 50 patients with bronchogenic carcinoma of the left upper (38) and left lower (12) lobes. 19 Mediastinoscopy was 
positive in nine patients, five via the extended approach. Resectability in the remaining 41 patients was 97.6%. This study identified a negative predictive value of 
97.5% and a diagnostic accuracy of 97.8%.

A case report of a cerebrovascular accident following an ECM by Urschel et al. has questioned the safety of this staging procedure. 20 Indeed, presence of aortic arch 
calcification on CT scan or palpation of atheromatous plaques in the great vessels should constitute an absolute contraindication to ECM. However, with careful 
patient selection, the incidence of major complications including neurologic sequella should remain negligible.

ANTERIOR MEDIASTINOTOMY (CHAMBERLAIN PROCEDURE)



Left anterior parasternal mediastinostomy was introduced by McNeil and Chamberlain in 1966 21 as a method for establishing the diagnosis and resectability of tumors 
of the left upper lobe. Chamberlain believed that the procedure would enable the thoracic surgeon to not only biopsy the left hilar and aortopulmonary window lymph 
nodes, but also assess the degree of fixation of the left upper lobe tumor to the mediastinal structures and, therefore, would avoid unnecessary thoracotomy in 
patients with locally advanced unresectable bronchogenic carcinoma. Currently, the Chamberlain procedure is utilized as a staging technique for assessment of the 
mediastinal nodal levels inaccessible by standard cervical mediastinoscopy: aortopulmonary window and para-aortic (levels 5 and 6, respectively). 22 Indications are 
similar to those of mediastinoscopy.

In 1983, Deneffe23 reported a series of 45 anterior mediastinotomies in patients with a presumed left lung cancer and a clinically negative mediastinum. Of the 
biopsies, 28.9% (13) demonstrated N2 metastatic disease, none of which were associated with lower lobe tumors. In this pre–computed tomography (CT) scan era 
report, the authors concluded that anterior mediastinostomy should be performed in patients with left upper lobe tumors to improve operability. Jolly 24 demonstrated 
that a negative anterior mediastinostomy in patients with primary tumors of the left lung predicted resectability in 25 of 26 (96%) cases.

More recently, Barendregt and colleagues25 reported the results of parasternal mediastinotomy and mediastinoscopy in 37 clinically N0 patients with proven left upper 
lobe tumors. In conjunction with manual palpation, the mediastinoscope was inserted into the mediastinotomy incision. Lymph node tissue was identified in 16 
patients, but only one patient was found to have N2 disease. The authors concluded that anterior medistinoscopy is not necessary in the absence of clinical N2 
disease.

Surgical Technique

The patient is positioned supine under general anesthesia and is intubated with a single-lumen endotracheal tube. A 5- to 6-cm transverse skin incision is made 
lateral to the sternum, overlying the second or third costal cartilage and deepened through the pectoralis muscle. The perichondrium is incised and the costal cartilage 
is removed in a subperichondrial plane ( Figure 35.5). Alternatively, the incision is placed over the intercostal space without removing the cartilage. The internal 
mammary artery and vein are within the operative field and should be retracted or ligated and divided. The mediastinal pleural reflection is bluntly separated from the 
posterior table of the sternum and reflected laterally to expose the para-aortic and aortopulmonary mediastinal space. Enlarged lymph nodes are sampled under direct 
vision by excision or biopsy. The mediastinoscope can be introduced via the incision to facilitate exploration of the mediastinum.

FIGURE 35.5. A: Incision over the second costal cartilage, B: After resection of the costal cartilage. C: View of enlarged subaortic nodes. (Reproduced with 
permission of Lippincott-Raven from Mastery of cardiothoracic surgery, pg. 24, Kaiser, ed.)

Anatomic definition and access may be improved by opening the pleura. If the pleural space is entered, then a chest tube is not required provided the lung is not 
injured. Evacuation of air is accomplished by positioning a catheter in the pleural space prior to closure of the incision and placing the opposite end under 2 cm of 
water. After hemostasis is ascertained, the wound is closed in layers and the catheter is withdrawn as the anesthesiologist fully inflates the lungs.

Complications and Results

Anterior mediastinostomy is associated with little morbidity and mortality and can be performed safely in an ambulatory setting. The main disadvantages of this 
procedure are the local pain and potential wound healing problems that follow resection of the second costal cartilage, particularly if adjuvant radiation therapy is 
administered.22 The major structures at risk for injury during the operation are the aorta, the internal mammary artery, the pulmonary artery, the superior pulmonary 
vein, the phrenic nerve, and the left recurrent laryngeal nerve. However, damage to these structures, aside from the internal mammary artery, are rare. The most 
commonly reported complications are superficial wound infections and pneumothoraces.

VIDEO-ASSISTED THORACOSCOPIC MEDIASTINAL LYMPH NODE SAMPLING

Video-assisted thoracoscopic mediastinal exploration and lymph node sampling has emerged as yet another invasive staging modality in the preresectional evaluation 
of patients with NSCLC. Video-assisted thoracoscopy (VATS) not only permits sampling of the mediastinal lymph node stations accessible by the standard cervical 
mediastinoscopy, but also allows evaluation of mediastinal adenopathy in those N2 stations inaccessible by the traditional mediastinoscopic techniques (nodal levels 
3, 5, 6, posterior subcarinal 7, 8, and 9). In addition, VATS may provide additional staging information by demonstrating unsuspected malignant pleural effusions or 
pleural carcinomatosis.

Operative Technique

Following intubation with a double-lumen endotracheal tube, the thoracoscope is inserted via an 11-mm trocar through the sixth intercostal space in the midaxillary 
line. Additional access sites for insertion of endoscopic dissecting instruments and clip appliers are created under direct thoracoscopic vision. A lung-retracting 
instrument is often useful to allow unimpeded thoracoscopic view of the periazygous region and aortopulmonary window. The pleura is opened and the appropriate 
nodal levels biopsied. Care is taken to avoid injury to the phrenic and vagus nerve trunks. A chest tube is place under direct vision and may be removed in the 
immediate perioperative period if no air leak and little drainage occur.

Results

Gossot et al.26 reported the results of a prospective nonrandomized study of cervical mediastinoscopy versus VATS for assessment of mediastinal masses and lymph 
nodes. The diagnostic yield of VATS was 91.9% (versus 94.3% for the mediastinoscopy group). Four of the five failures in the VATS group were the result of 
insufficient mediastinal exposure because of the inability to completely collapse the ipsilateral lung. There were three complications in the VATS group: one injury to 
the internal thoracic artery, one small tear of the trachea during biopsy of a paratracheal lymph node, and one prolonged air leak. In addition, the mean length of 
hospital stay was 3.2 days in the VATS group and 1.1 days for the mediastinoscopy group. The authors noted that although thoracoscopy has a comparable 
diagnostic yield to conventional mediastinoscopy, the complication rate and duration of hospital stay of patients who underwent diagnostic VATS was greater than that 
of patients who had standard mediastinoscopy. They concluded that VATS should be reserved for those clinical situations in which the mediastinal lesions are not 
within the reach of the mediastinoscope or when prior biopsy and fibrosis make repeat mediastinoscopy difficult or unsafe.

Landreneau and colleagues reported their experience with thoracoscopic mediastinal exploration in 40 patients with NSCLC, in whom VATS was utilized as an adjunct 
to cervical mediastinoscopy.27 All patients had CT scan evidence of enlarged (>1.5 cm) aortopulmonary window (n = 30) or right peri/subazygous or subcarinal (n = 
10) lymph nodes. Thirty-four patients had undergone a prior negative cervical mediastinoscopy. In 18 patients, thoracoscopic sampling of the mediastinal adenopathy 
detected malignant tissue. Fourteen of these patients had mediastinal lymph node metastases from a lung primary. In this study, adjunctive thoracoscopic nodal 
sampling was 100% sensitive and 100% specific in diagnosing the nature of the mediastinal adenopathy. The sole postoperative complication was a chylous leak, 



which spontaneously resolved. The mean length of stay for the patients undergoing VATS without subsequent thoracotomy was 3 days.

Mediastinal lymph node dissection can be accomplished during a VATS lobectomy comparable to that achieved during thoracotomy. Kaseda 28 performed 36 VATS 
lobectomies and reported that all lymph node levels were accessible. The number of lymph nodes removed was comparable to that obtained with an open procedure. 
Similar results were documented by Iwasaki,29 who performed 25 VATS lobectomies for stage I NSCLC.

INTRAOPERATIVE MEDIASTINAL LYMPH NODE DISSECTION

Mediastinal staging is an integral part of the surgical treatment of lung cancer. Just as a pulmonary resection involves transecting and ligating the appropriate 
pulmonary arterial branches, pulmonary venous branches, and bronchi, so too must the intrathoracic extent of the malignancy be determined. Histologic staging 
completely depends on the material submitted during the operative procedure, and hence the surgeon must accurately identify and properly label the requisite 
specimens.

The T category of the primary tumor is readily apparent to both surgeon and pathologist. However, the presence or absence of tumor within the intrathoracic lymph 
nodes is often not at all obvious. Indeed, the lymph nodes may not be apparent and must be diligently sought. Microscopic assessment is required to accurately 
determine the N status.

Appreciation for the rationale of lymph node dissection is gained through knowledge of the patterns of lung cancer metastases. The definitions of lymph node levels 
and the techniques of lymph node dissection are best understood in their anatomic and historic perspectives. Finally, the benefits of a mediastinal lymph node 
dissection can only be fully comprehended through a review of the attendant risks and benefits.

Purpose of Lymph Node Dissection

Accurate and thorough lymph node dissection is crucial for appropriate staging of lung cancer. Without precise staging, the comparison of results from different 
institutions is impossible, as is the conduct of multi-institutional trials. Most authors do not believe that even the most aggressive lymph node dissections have 
therapeutic value. However, some investigators (principally from Japan) believe that complete removal of all intrathoracic and supraclavicular lymph nodes in the 
likely drainage pathway results in improved survival. 30,31,32 and 33

Critical assessment of the published literature relating survival to pathologic stage in patients with NSCLC requires knowledge of the intrathoracic staging technique. 
In general, sampling means that only those lymph nodes that were obviously abnormal were removed. Systematic sampling refers to routine biopsy of lymph nodes at 
levels specified by the author. Complete mediastinal lymph node dissection indicates that all lymph node–containing tissue was routinely removed at those levels 
indicated by the investigators.

Only one English-language publication directly compares intraoperative visual evaluation of lymph nodes with pathologic examination. Gaer and Goldstraw 34 reported 
on a series of 95 consecutive patients with NSCLC who underwent pulmonary resection and mediastinal lymph node dissection. Based on inspection and palpation of 
the lymph nodes after their dissection, the surgeon recorded his impression regarding the tumor status of the lymph nodes. Two hundred and eighty-seven nodal 
levels were removed; results appear in Table 35.2. Sensitivity was 1%, and the positive predictive value was 64%. These values would presumably have been even 
lower if only a tactile inspection of the nodal levels was made through unopened mediastinal pleura.

TABLE 35.2. INTRAOPERATIVE ASSESSMENT OF LYMPH NODES

The need for some type of routine intraoperative systematic lymph node sampling was further demonstrated by Graham and colleagues, 35 who reported the results of 
systematic sampling of right levels 2–4 and 7–10 or left levels 4–10 in 240 patients with clinical T1-3N0 NSCLC. All patients had undergone mediastinoscopy prior to 
thoracotomy if the CT scan demonstrated mediastinoscope-accessible lymph nodes greater than 1.5 cm. No patient with known N2 disease underwent attempted 
resection. Mediastinal lymph node metastases were demonstrated in 20% of patients, the majority of whom had T1 or T2 tumors.

Haiderer and colleagues36 reported on 83 patients who underwent routine mediastinal lymph node dissection as part of their operation for NSCLC. Enlarged 
mediastinal lymph nodes were found in 34 patients (41%); however, only 19 (56%) contained metastatic disease. Of the 49 patients with normal-appearing 
mediastinal lymph nodes, 2 were documented to have micrometastatic disease (4.1%). Supporting data are contained in a publication by Bollen and colleagues, 37 
who found that the discovery ratio (calculated in a fashion similar to the more familiar relative risk ratio) of N2 disease in patients with NSCLC who underwent 
mediastinal lymph node dissection was 1.9 (confidence interval, 0.9–4) when compared to patients whose lymph nodes were removed only if they appeared or felt 
abnormal.

The extent of mediastinal biopsy necessary to obtain accurate staging information has been evaluated by several investigators. In a retrospective review, Bollen 37 
found that systematic sampling of mediastinal lymph nodes was as successful as mediastinal lymph node dissection in identifying N2 disease (discovery ratio 2.7; 
confidence interval 1.04–4.2). Izbicki 38 compared systematic lymph node sampling to mediastinal lymph node dissection in a randomized prospective trial containing 
182 patients. Although the percentage of patients found to have N1 or N2 disease was not significantly different between the two study arms, the number of N2 
positive levels was greater in the patients who had full lymph node dissections. Sugi 39 conducted a similar study in 115 patients with clinical T1N0 tumors that were 
less than 2 cm in diameter. Mediastinal metastases were found in 13% of each study group. Thus it appears that systematic lymph node sampling is as efficient as 
mediastinal lymph node dissection for staging NSCLC. The survival advantage of mediastinal lymph node dissection, if any, has not been proven.

Identification of the sentinel lymph node has been proposed as a selective method for directing mediastinal lymph node biopsy. Following thoracotomy, Little 40 
injected each quadrant of lung tissue surrounding the tumors of 36 clinically N0 patients with isosulfan blue dye. Systematic mediastinal lymph node sampling was 
performed following pulmonary resection. A sentinel lymph node was identified in 17 patients, 5 in the mediastinum and 12 within the pleural reflection. All of the 
former contained tumor, whereas only three of the latter harbored metastatic cancer. Among the 19 patients in whom no sentinel lymph node could be found, 5 
patients proved to have N1 disease and 1 patient had N2 disease. Additional data are necessary to determine the role of this technique in intraoperative lung cancer 
staging.

N Category

The N of the TNM system is the stumbling block of accurate lung cancer staging because of competing definitions for a number of the N levels (levels 2 through 4) as 
well as disagreement about the stage to which they should be assigned (level 10).

The definitions of the N category grew from the realization that clinical outcome varied with the location of the tumor-containing lymph node. Although prosectors 
provided a detailed description of lymph nodes found within the thorax, the input of the clinicians was required to correlate the anatomic findings with treatment 



outcome. The lymph node mapping schema proposed by Naruke and colleagues41 and accepted by the American Joint Committee for Cancer Staging and End 
Results Reporting (AJCC) achieved universal acceptance after publication in 1978 ( Figure 35.6). Numbers were assigned to regional locations where lymph nodes 
were commonly found. However, the lack of precise anatomic definitions allowed wide interinstitutional as well as intrainstitutional interpretation of lymph node levels. 
For example, level 10 was given the vague term hilar. Were these lymph nodes within the pleural reflection, or were they located in the mediastinum? If they were 
located outside the pleural reflection, why were they included in the N1 category, and how could they be differentiated from the contiguous level 4 lymph nodes? The 
exact limits of the superior mediastinal lymph nodes (levels 1 through 4) and aortic lymph nodes (levels 5 and 6) were similarly imprecise, allowing some investigators 
to report multilevel metastases, whereas others reported only single-level involvement.

FIGURE 35.6. Lymph node map originally proposed by Naruke. 1, Superior mediastinal or highest mediastinal; 2, paratracheal; 3, pretracheal, retrotracheal, or 
posterior mediastinal (3p), and anterior mediastinal (3a); 4, tracheobronchial; 5, subaortic or Botallo; 6, para-aortic (ascending aorta); 7, subcarinal; 8, 
paraesophageal (below carina); 9, pulmonary ligament; 10, hilar; 11, interlobar; 12, lobar (upper lobe, middle lobe, and lower lobe); 13, segmental; 14, subsegmental. 
(From Naruke T, Suemasu K, Ishikawa S. Lymph node mapping and curability at various levels of metastasis in resected lung cancer. J Thorac Cardiovasc Surg 
1978;76:832, with permission.)

The resultant confusion led the American Thoracic Society (ATS) to form a Committee on Lung Cancer, one of whose charges was to: “Develop a map of regional 
pulmonary lymph nodes that would be acceptable to all physicians who care for the patient with lung cancer.” 42 This committee recommended that the vague terms 
“hilar” and “mediastinal” be discarded in favor of nodal level definitions based on constant anatomic structures. For instance, right level 4 lymph nodes were defined 
as those lymph nodes found “. . . to the right of the midline of the trachea between the cephalic border of the azygous vein and the intersection of the caudal margin of 
the brachiocephalic artery with the right side of the trachea.” This committee recognized the difficulty in deciding whether level 10 lymph nodes belonged in the N1 or 
N2 category and recommended that this determination be made after examination of survival data of patients who had accurate and thorough intraoperative lymph 
node dissections. The ATS nodal definitions have become widely used, although they were not officially accepted by the AJCC.

The former Lung Cancer Study Group initially used the AJCC lymph node definitions in their numerous prospective randomized trials but later adopted and modified 
the ATS definitions.43,44 They firmly placed the level 10 lymph nodes in the N2 category. A revised international staging system for lung cancer was adopted by the 
AJCC and the Union Internationale Contre Cancer in 1986 45 and utilized by most investigators during the ensuing decade.

The staging system and lymph node level definitions were again significantly modified in 1997 46,47 and are discussed in detail in Chapter 32. The new mediastinal 
lymph node level definitions are based on constant anatomic structures that are readily identified by CT scans ( Fig. 35.7 and Fig. 35.8, Table 35.3). This was done to 
enable accurate and reproducible preoperative clinical staging. Unfortunately, the revised definitions render the intraoperative identification of some of the lymph 
node levels more difficult (right levels 2 and 4) because they utilize structures that are difficult to accurately identify during surgery. The uncertainty surrounding level 
10 lymph nodes was eliminated by defining them as N1 lymph nodes found along the anterior surface of the mainstem bronchus distal to the pleural reflection. The 
importance of identifying the nodal and stage definitions used by different authors when interpreting and comparing their results has been emphasized by Mountain 
and colleagues.48 Studies presently being conducted under the aegis of the various American national cooperative oncology groups utilize the new revised staging 
system.

FIGURE 35.7. Graphic representation of current lymph node level definitions.

FIGURE 35.8. Details of the current lymph node definitions in the left hemithorax.



TABLE 35.3. AMERICAN THORACIC LYMPH NODE LEVEL DEFINITIONS

Anatomy and Patterns of Metastatic Spread

The development of the pulmonary lymphatics within the human embryo has been documented by Harvey. 49 The definitive description of the locations of the 
extrapulmonary intrathoracic adult human lymph nodes was written by Rouviere. 50 Excellent summaries of the common intrapulmonary lymphatic anatomy and its 
interconnecting network were made by Borrie51 and Weinberg.52

Borrie51 investigated the patterns of lung cancer dissemination within the intrapulmonary lymphatics of resected specimens. Because a thorough mediastinal lymph 
node sampling or dissection was not routinely performed, the patterns of mediastinal spread were not as reliably determined. Borrie found that right upper lobe tumors 
spread to the lymph nodes surrounding the right upper lobe bronchus and to those lymph nodes “in the angle between the upper and middle lobe bronchus and also 
along the medial surface of the right main bronchus.” 61 The latter region became known as the lymphatic sump of Borrie. Tumor from the right upper lobe did not 
spread below the level of the middle lobe bronchus.

Right middle lobe tumors spread to the lymph nodes surrounding the middle lobe bronchus and proximally to the previously described bronchial sump. Tumors within 
the right lower lobe metastasized not only to the peribronchial lymphatics but also to the lymph nodes contained within the inferior pulmonary ligament and sump of 
Borrie. The presence of endobronchial tumor in the middle or lower lobe orifices has been found to correlate with metastases to the lymphatic sump. 53

Left upper lobe cancers metastasized to lymph nodes surrounding the left upper lobe bronchus and to those surrounding the apical and basilar segmental bronchi of 
the left lower lobe. Sites of lymphatic metastases of left lower lobe tumors included nodes surrounding the left lower lobe bronchus, the inferior pulmonary ligament, 
and the left upper lobe bronchus.

Nohl-Oser54,55 confirmed these observations and extended them to include the patterns of mediastinal spread. He examined the locations of nodal specimens from 
749 patients who underwent mediastinoscopy or scalene node biopsy. If patients underwent surgery, then the mediastinal lymph nodes removed during operation 
were included in the analysis. Histology was not stated. A summary of the results are presented in Table 35.4. Right upper lobe tumors spread rarely to the subcarinal 
region (1%) or to the contralateral scalene nodes or mediastinum (3%), but they commonly spread to the ipsilateral mediastinum (50%). Sufficient numbers of right 
middle lobe tumors were not present to allow analysis. Similarly, tumors within the right lower lobe metastasized to the contralateral scalene nodes or mediastinum 
infrequently (4%), but more commonly spread to the subcarinal region (13%) and ipsilateral mediastinum (29%).

TABLE 35.4. PATTERN OF MEDIASTINAL METASTASES

Tumors originating in the left upper lobe metastasized to the subcarinal region (5%) and contralateral mediastinum (7%) more often. Tumors within the left lower lobe 
did metastasize to the subcarinal region (3%) and the contralateral mediastinum. Nohl-Oser 56 cites clinical data from Greschuchna obtained in a similar fashion that 
differed from his results. The latter documented a much higher prevalence of subcarinal lymph node metastases from upper lobe tumors and a greater occurrence of 
paratracheal disease from lower lobe neoplasms.

Watanabe and colleagues57 reported the intrathoracic metastatic patterns of 124 patients with N2 NSCLC who underwent pulmonary resection and mediastinal lymph 
node dissection. In contradistinction to Nohl-Oser, he reported frequent metastases from right upper lobe tumors to the subcarinal lymph nodes (36%). He also 
demonstrated that tumors originating in the right middle and lower lobes commonly (28%) spread to the ipsilateral paratracheal region (level 4). Metastases were 
commonly found in the subcarinal lymph nodes from tumors of the left upper (20%) and left lower (38%) lobes.

Hata and colleagues31 provided experimental support for these results. They performed 192 lymphoscintigraphies in 179 patients without evidence of lymph node 
involvement by injection of antimony sulfide or rhenium colloid labeled with technetium-99m into the submucosa of each segmental bronchus using the flexible 
bronchoscope. Hourly anterior and lateral scanning with a gamma camera for up to 6 hours demonstrated patterns of lymphatic drainage that recapitulated the clinical 
findings of Greschuchna (cited in Nohl-Oser 56) and Watanabe and colleagues 67 (Fig. 35.9).

FIGURE 35.9. The width of each arrow corresponds to the relative frequency of lymphatic drainage. A: Apical and dorsal segments of the right upper lobe. B: Middle 
lobe and superior segment of the lower lobe. C: Basal segments of the lower lobe. D–G: Four routes of drainage were identified from the left lung: (D) through the 
subaortic lymph nodes and then divides to run proximally along either the vagus nerve to the scalene nodes or along the recurrent laryngeal nerve to the mediastinal 



nodes; (E) by way of the phrenic nerve to the scalene nodes; (F) along the mainstem bronchus to the paratracheal nodes; (G) under the mainstem bronchus to the 
subcarinal lymph nodes. (From Hata E, Hayakawa K, Miyamoto H, et al. Rationale for extended lymphadenectomy for lung cancer. Theor Surg 1990;5:19, with 
permission.)

Techniques of Lymph Node Sampling and Dissection

The earliest detailed description of a thorough intrathoracic lymph node dissection as part of an operation for lung cancer was given in 1951 by Cahan and 
colleagues,58 although Brock59 indicated that it was a routine part of his operative procedure for lung cancer several years earlier. Great emphasis was placed on the 
need for en bloc removal of the lymphatics and lung. Other authors60,61,62,63,64 and 65 soon published their techniques, which were variations on the same theme. The 
lymph node locations were described only in general anatomic terms. Weinberg 60 was the first to assign numbers to the lymph node regions.

A more recent description was given by Martini,66 who detailed their dissection of three mediastinal lymph node compartments: (a) the right paratracheal, (b) the 
subcarinal, and (c) the aorticopulmonary window. During a right thoracotomy, the right paratracheal and subcarinal regions were routinely cleared of all lymphatic 
tissue, whereas during a left thoracotomy, the subcarinal and aorticopulmonary window lymph nodes were removed in their entirely. Lymph nodes were not resected 
in continuity with the pulmonary specimen. Level numbers were assigned according to Naruke and colleagues. 41

Those surgeons who believe that removal of regional lymphatics offers a survival advantage have devised more extensive lymphadenectomies. These have included 
contralateral mediastinal lymph nodes and, in some cases, supraclavicular lymph nodes. During a right thoracotomy, Watanabe and colleagues 30 transect the azygos 
vein to gain access to the upper mediastinal lymph nodes (Naruke levels 1 through 4). Nodes anterior to the superior vena cava with associated thymic tissue are also 
removed. In addition, left levels 2 through 4 have been resected by continuing the dissection to the contralateral aspect of the trachea. The subcarinal region is 
cleared of all lymph node–containing tissue. During this aspect of the procedure, both ipsilateral and contralateral levels 8 and 10 lymph nodes are removed.

An equally aggressive lymph node dissection is performed in the left hemithorax for patients with left lung cancers. However, because of the aortic arch, such an 
approach is of necessity more complicated. Watanabe's attempt at left mediastinal lymph node dissection involved mobilizing the arch of the aorta and a portion of the 
descending aorta. This was accomplished by transecting several intercostal arteries. In this fashion, left levels 3 and 4 as well as portions of level 2 could be 
resected.30

This group have modified their operative procedure to permit more thorough dissection of all left mediastinal lymph nodes. After completion of pulmonary resection by 
means of a standard posterolateral thoracotomy, a mediansternotomy is performed. This allows complete dissection of all left levels 1 through 4 as well as access to 
contralateral levels 1 through 4 and 10. This approach has been investigated by Mitsuoka and colleagues. 67

Nakahara and colleagues32 described a similar approach to right lung cancer. A mediansternotomy was not employed for left lung cancer. Rather, the ligamentum 
arteriosum was severed and the aorta encircled with a catheter. Traction was applied caudally, and the pleura between the left common carotid and subclavian 
arteries was opened to expose the trachea and left mainstem bronchus.

Hata and colleagues31,33 have pursued an even more aggressive approach, extending the right lymphadenectomy performed during posterolateral thoracotomy to 
include ipsilateral scalene lymph nodes if the most cephalad right paratracheal lymph nodes (Naruke levels 1, 2, and 4) contain metastatic cancer. This group 
advocates broadening the supraclavicular dissection to include the left scalene lymph nodes if anterior mediastinal lymph node (Naruke level 3) involvement is 
suspected.

Their procedure for left lymphadenectomy was determined by tumor histology and stage. The mediastinal lymph nodes of patients with stage I squamous cell cancers 
were removed by means of a left posterolateral thoracotomy. Although the details of this approach are not specifically stated, they appear to include division of the 
ligamentum arteriosum and mobilization of the aortic arch. Patients with other stages and histologies undergo mediansternotomy followed by anterior and bilateral 
paratracheal lymphadenectomy (levels 1 through 4). Exposure is obtained by retracting the ascending aorta to the left and the superior vena cava to the right. Access 
to the subcarinal nodes is obtained by caudal retraction of the right main pulmonary artery. The left lobe of the thymus is resected to uncover the aortopulmonary 
window lymph nodes. These are removed to the ligamentum arteriosum. Left upper lobectomy and pneumonectomy are performed by means of the sternotomy. 
Should a left lower lobectomy be necessary, an anteroaxillary thoracotomy is added.

Cervical dissection is performed if metastatic disease is found in the highest mediastinal, supraclavicular, or scalene lymph nodes. This procedure is accomplished 
using a cervical collar incision. The sternocleidomastoid muscles are retracted laterally and the strap muscles divided. The fascia over the internal jugular vein is 
opened and the vein is skeletonized. The cervical paraesophageal lymph nodes are removed while the recurrent laryngeal nerve is gently retracted forward.

COMPLETE DISSECTION

Right Hemithorax

Entry into the chest through the fifth interspace provides ready access to the mediastinal lymph nodes. A posterolateral thoracotomy or vertical muscle-sparing skin 
incision may be used with equal success. The authors usually perform the lymph node dissection at the completion of the pulmonary resection. However, if the 
presence of tumor within the lymph nodes changes the operative procedure, then the lymph node resection may be performed before lung removal. The mediastinal 
lymph node dissection is most easily accomplished if the lung is collapsed with either a double-lumen endotracheal tube or a bronchial blocker.

The lung is retracted anteriorly and inferiorly, exposing the superior mediastinum, which is bounded by the trachea, superior vena cava, and azygos vein ( Figure 
35.10). The phrenic nerve is visible, coursing over the superior vena cava. The vagus nerve traverses the superior mediastinum and is usually visible through the 
unopened mediastinal pleura. The mediastinal pleura is grasped with a forceps just cephalad to the azygos vein and opened with cautery between the trachea and 
superior vena cava. A right angle clamp is inserted, and the pleura is incised to the level of the innominate artery. The pleural edge over the trachea is grasped, and 
the mediastinal fat pad is dissected off the tracheal surface from the azygos vein to the innominate artery ( Figure 35.11). A peanut sponge rolled tightly on a clamp is 
satisfactory for this portion of the operation. The pleural edge over the superior vena cava is similarly grasped, and the mediastinal fat pad is gently dissected from the 
junction of the superior vena cava and azygos vein to the level of the innominate artery. Not infrequently, a small vein drains from the mediastinal fat pad directly into 
the superior vena cava. If present, it must be identified and properly ligated to prevent unnecessary blood loss.

FIGURE 35.10. Exposure of right superior mediastinum with mediastinal pleura intact.



FIGURE 35.11. The internal mammary vein drains into the approximate juncture between the right and left innominate veins as they combine to form the superior vena 
cava and is a reliable structure with which to differentiate the division between level 2 and level 4 lymph nodes. The dashed line represents the aortic arch.

The mediastinal fat pad is grasped with an empty ring clamp and is removed from the superior vena cava anteriorly to the trachea posteriorly, and from the cephalic 
border of the azygos vein inferiorly to the cephalic border of the left innominate vein superiorly. Nonmagnetic clips (to avoid artifacts on future CT scans) are used 
liberally. Those lymph nodes between the cephalic border of the aortic arch and the cephalic border of the innominate vein are labeled right level 2 (Figure 35.11). 
The lymph nodes distal to the aortic arch and proximal to the azygos vein are labeled right level 4 superior (Figure 35.12).

FIGURE 35.12. The lymphadenectomy may be extended to the contralateral lymph node levels. Care must be taken not to injure the left recurrent laryngeal nerve, 
which is found in the tracheoesophageal groove.

The azygos vein is elevated with a vein retractor, and all lymph nodes between its cephalad border and the origin of the right upper lobe bronchus are removed with 
sharp and blunt dissection (Figure 35.13). Care must be taken not to injure the pulmonary artery during dissection of these level 4 inferior lymph nodes.

FIGURE 35.13. Division of the azygos vein is rarely necessary.

Extension of the dissection behind the trachea reveals level 3 posterior nodes located between the esophagus and membranous portion of the trachea ( Figure 35.14). 
Additional lymph nodes, level 3 anterior, are found anterior and medial to the superior vena cava at the insertion of the azygos vein.

FIGURE 35.14. The location of the membranous portion of the trachea and the phrenic nerve must be determined prior to application of clips.

Right level 10 lymph nodes are located along the anterior border of the bronchus intermedius distal to the pleural reflection ( Figure 35.15). The interlobar, level 11, 
lymph nodes located in the sump of Borrie are dissected with the lung retracted anteriorly. The pulmonary artery is located anteriorly, and therefore clips must be 
placed under direct vision. Level 12 nodes are adjacent to the distal lobar bronchus and are removed with the specimen ( Figure 35.16).



FIGURE 35.15. Exposure of the level 10 lymph nodes is accomplished by retracting the pulmonary artery anteriorly.

FIGURE 35.16. d include them with the specimen. Cautery is employed to transect soft tissue because a clip may interfere with application of a stapling device.

Exposure of the level 7 subcarinal region is obtained by retracting the lung directly anteriorly ( Figure 35.17). The mediastinal pleura is opened, and the edge overlying 
the esophagus is grasped with a right-angle clamp. The esophagus is retracted posteriorly, and the subcarinal lymph node packet is swept anteriorly. Small vessels 
are coagulated or tied as necessary. The fat pad is grasped with a ring clamp and elevated off the pericardium. Attachments to the right and left mainstem bronchi are 
clipped before transection. The blood supply to this lymph node packet includes vessels that course along the anterior border of the trachea to enter the lymph nodes 
from the carina. Particular care must be taken to identify and control these vessels before they are transected because once they retract beneath the carina, they may 
be difficult to locate.

FIGURE 35.17. The esophagus and membranous portion of the bronchus must not be injured when applying clips.

Level 9 lymph nodes are located within the inferior pulmonary ligament and are easily visualized. They can be grasped with a ring forceps and removed with cautery 
or clips. Level 8, paraesophageal lymph nodes, are not always present.

Left Hemithorax

Thoracotomy through the fifth interspace provides excellent exposure for dissection of the aortopulmonary ( levels 5 and 6) and subcarinal ( level 7) lymph nodes 
(Figure 35.18). The lung is racted inferiorly, and the pleura is incised in a cephalad direction midway between and parallel to the vagus and phrenic nerves, beginning 
at the level of the aortopulmonary window and extending above the aortic arch. The ligamentum arteriosum is readily palpated but less easily visualized. The level 6 
lymph nodes are exposed by grasping the pleural edge closest to the phrenic nerve and dissecting away the lymph node–containing fat pad. This step is best 
accomplished with blunt dissection. Vessels should be controlled with clips or ties to avoid electrical injury to the nearby nerves. The location of the phrenic nerve 
must be constantly known to avoid iatrogenic diaphragm paralysis. Level 5 lymph nodes are exposed by grasping the posterior pleural edge and bluntly dissecting the 
fat pad posterior to the ligamentum arteriosum. The recurrent laryngeal nerve and the proximal vagus nerve must be zealously protected because vocal cord paralysis 
is a potential complication.

FIGURE 35.18. The left superior mediastinum before opening the mediastinal pleura. Exposure of level 2 or 4 lymph nodes would require mobilization of the aortic 
arch.

The subcarinal lymph nodes, level 7, are approached with the lung retracted anteriorly ( Figure 35.19). The pleura is opened anterior and parallel to the aorta at the 
level of the left mainstem bronchus. The lymph nodes are grasped with a ring clamp, and clips are liberally applied before excision of the nodal packet. An arterial 



vessel usually enters the lymph nodes at the carina. It must be identified and clipped to avoid postoperative hemorrhage.

FIGURE 35.19. The subcarinal lymph nodes are more difficult to expose in the left hemithorax than in the right hemithorax. A malleable retractor is used to retract the 
aorta and esophagus posteriorly.

Level 11 interlobar nodes are best approached with the lung retracted anteriorly. The pulmonary artery is immediately anterior and must be protected if clips are 
applied or cautery utilized. Level 12 lymph nodes are located along the distal bronchus near its junction with the mainstem bronchus ( Figure 35.20). The level 9, 
pulmonary ligament lymph nodes are identified within this structure and removed with cautery or clips. Esophageal injury must be avoided.

FIGURE 35.20. As the soft tissue is cleared to permit application of the stapling device, the nodes are pushed distally with a peanut sponge.

Even the most detailed lymph node dissection provides little information if the resected specimens are not correctly labeled. Many surgeons have not adopted the 
habit of routinely performing a lymph node dissection, and many pathologists do not report their histologic findings by individual lymph node level. To ensure that each 
level is reported separately and that levels are not lumped together as “mediastinal lymph nodes,” they must be sent from the operating room as discrete specimens.

COMPLICATIONS OF MEDIASTINAL LYMPHADENECTOMY

Some surgeons are hesitant to perform a complete mediastinal lymph node dissection for fear of complications that might arise from either interrupting the blood 
supply to the bronchial stump or removing a large portion of the intrathoracic lymphatics. Bollen and colleagues 37 compared the postoperative complications of 155 
patients with NSCLC who underwent no mediastinal lymph node dissection or sampling (n = 70), complete mediastinal lymph node dissection (n = 65), or systematic 
mediastinal lymph node sampling (n = 20). No significant difference among the groups was noted for intraoperative blood loss or the need for transfusion. 
Unintentional left recurrent laryngeal nerve injury occurred in three patients (5%) who underwent complete nodal dissection. Two additional patients developed 
chylothoraces. One patient who underwent node dissection required reoperation for bleeding not related to the lymphadenectomy. The two patients who developed 
bronchopleural fistulas had not undergone node dissection. Hata and colleagues 31 reported two left recurrent laryngeal nerve injuries and one phrenic nerve paralysis 
in 50 patients who underwent extensive mediastinal dissection. Reoperation or bronchopleural fistulas were not reported.

Izbicki and colleagues 68 compared the morbidity and mortality associated with systematic mediastinal sampling and mediastinal lymph node dissection in a 
randomized prospective study (n = 182). They found that although mediastinal lymph node dissection added approximately 20 minutes to the operative procedure, 
there was no increase in blood loss, mortality, or need for reoperation. One chylothorax occurred in each group. Recurrent laryngeal nerve injury was reported in six 
patients who underwent systematic sampling and in five patients who underwent mediastinal lymph node dissection. The duration of chest tube drainage and 
hospitalization were similar in both groups.

RESULTS OF LYMPH NODE SAMPLING AND DISSECTION

Five-year survival of patients with N2 disease after pulmonary resection and mediastinal lymph node dissection performed in a fashion similar to that described earlier 
is reported from 9% to 29%.66,69,70,71,72,73 and 74 Most investigators make no therapeutic claim for nodal dissection but rather emphasize the benefits of accurate staging. 
The proponents of the more extensive nodal dissections, however, purport to demonstrate improved survival.

Hata and colleagues33 reported five-year survival of 66% in 15 patients with N2 disease and 35% in 13 patients with N3 (contralateral mediastinal) disease who 
underwent bilateral mediastinal lymph node dissection by means of sternotomy. The five-year survival of 12 patients with scalene or supraclavicular N3 disease who 
underwent sternotomy and cervical dissection was 33%. Nakahara and colleagues 32 documented a three-year median survival for 13 patients with N2 disease who 
also underwent bilateral mediastinal lymph node dissection. No patient found to have N3 disease survived more than 14 months (n = 4). Watanabe and colleagues 30 
claimed significantly improved survival of patients with left upper lobe tumors who underwent bilateral lymph node dissections when compared to patients who had 
only suspicious lymph nodes removed. These studies should be interpreted carefully because they contain small numbers of patients whose improved survival may 
result from factors unrelated to the extensive lymph node dissection. Indeed, Mitsuoka and colleagues 67 found no significant survival advantage for patients with 
pathologic stage IIIa left lung cancers who underwent sternotomy and nodal dissection when compared to patients who had thoracotomy only. In addition, no patients 
with N3 disease survived 3 years.
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For the patient with non–small cell carcinoma of the lung (NSCLC), lung resection remains the best potentially curative therapy. Therefore, it behooves physicians 
who manage lung cancer to approach such patients as though surgery is possible and to tailor their evaluation with this goal in mind. However, surgery cannot benefit 
the patient if it results in early postoperative death or intractable respiratory failure. The determination that a given patient should undergo resectional surgery hinges 
on four factors: a resectable tumor (decided after a staging evaluation, which is described elsewhere in this text); adequate respiratory reserve to allow sufficient lung 
resection for cure; the absence of a major medical contraindication to surgery; and an agreeable patient. In those patients in whom surgery is not feasible because 
one or more of these requirements cannot be met, radiation therapy and/or chemotherapy are often utilized. We will describe our approach, based on available 
literature, to the patient to whom surgery, radiation therapy, and chemotherapy are offered to treat bronchogenic cancer. The goal of this evaluation is to identify 
patients at inordinate risk for posttreatment respiratory insufficiency and major perioperative morbidity. 1 Much of the earlier literature describes an approach to 
standard thoracic resection, while the later literature emphasizes improved methods of postoperative pain management and lung-conserving procedures. 2,3,4 and 5 
These techniques are revolutionizing the preoperative evaluation of patients with suspected thoracic malignancies. We will also describe perioperative management 
strategies which can be used to decrease such complications.

CONSIDERATIONS FOR SURGICAL THERAPY

Physiology of Thoracotomy

The surgical invasion of the thorax to remove a portion of the lung is a major attack on the respiratory system. In addition to the resection of significant portions of 
functioning lung, there are major physiologic consequences of thoracotomy that are independent of actual lung resection. The major effects of entering the thorax 
appear to relate to a change in chest wall compliance and an increase in the work of breathing, due both to the direct influences of the surgical wound on the chest 
wall, including any chest wall resection, and to postoperative pain. Peters and colleagues 6 examined total chest compliance and work of breathing in 16 patients prior 
to, as well as one, three, and seven days after one of three different thoracic surgical procedures (thoracotomy only; thoracotomy with lung resection; or midline 
thoracotomy with open-heart surgery). Thoracotomy with or without lung resection decreased chest compliance to 47% of control values on postoperative day three. 
There were significant increases in work of breathing in the thoracotomy and thoracotomy plus resection groups (143% of control values on postoperative day three). 
Interestingly, these effects were much less prominent with “midline thoracotomy” (see below).

In part as a consequence of these changes in compliance, thoracotomy results in dramatic falls in the vital capacity that are sustained over the first three 
postoperative days.7 This decrease in ventilatory capacity often results in alveolar hypoventilation with respiratory acidosis in the early postoperative period. 7 A drop 
in oxygen saturation is most marked two to three days postoperatively. 8 Cough is also frequently impaired after thoracotomy. Byrd and Burns 9 studied 24 adult 
patients undergoing thoracotomy. Cough pressures (measured using pleural pressures from intraesophageal catheters) dropped to 29% of preoperative values in the 
immediate postoperative period and had increased to only 50% of control one week after surgery. Since many patients with bronchogenic cancer are older and have 
underlying COPD, it is not surprising that thoracotomy and its resulting physiologic defects may be associated with significant postoperative cardiopulmonary 
complications.

Median sternotomy as described by Peters and colleagues 6 has been shown to preserve postoperative lung function better. Cooper and associates 10 examined the 
changes seen in pulmonary function after median sternotomy (n = 14 for coronary artery bypass surgery) and lateral thoracotomy (n = 14, left lateral thoracotomy for 
repair of hiatal hernia). Both groups showed a 50% reduction in peak expiratory flow rate and vital capacity by the second hospital day. Subsequent to that, however, 
the sternotomy group showed progressive improvements in pulmonary function. One week postoperatively, vital capacity had increased to 71% of control in the 
sternotomy group but only to 58% of control in the lateral thoracotomy group. As such, in marginal cases, this operative approach may be associated with better 
preservation of postoperative pulmonary function. There are limitations to this operative approach, however. In general, pulmonary anatomy may be more difficult to 
expose via sternotomy, particularly the left lower lobe. 7

PREOPERATIVE PULMONARY EVALUATION

Overview of Physiologic Assessment of Operability

The benefit of surgical resection of a bronchogenic tumor can be manifest only if the patient survives the surgery and avoids chronic respiratory insufficiency due to 
the loss of resected pulmonary parenchyma. The normal adult has an enormous respiratory reserve that would allow removal of an entire lung with relatively little 
compromise. However, the vast majority of patients with lung cancer have smoked cigarettes and thus are at risk for chronic obstructive pulmonary disease (COPD). 
In some series, up to 90% of lung cancer patients have had signs and symptoms of COPD, and at least 20% of these patients have had severe respiratory dysfunction 
at initial evaluation. 11 A major goal of the preoperative evaluation of the patient with potentially resectable lung cancer is to predict the likelihood of severe 
postoperative respiratory insufficiency, based upon the patient's preoperative characteristics. It would be relatively easy to define criteria that would be sensitive 
predictors of postoperative respiratory difficulties (for example, prior cigarette use). However, this approach would lead to exclusion from potentially curative surgery 
of a significant number of patients. Ideally, it would be possible to exclude from surgery all patients who develop postoperative respiratory failure, while at the same 
time allowing surgery in the maximum number of individuals who could survive surgery without respiratory compromise. Thus over the last 45 years an extensive 
literature has been devoted to efforts to define preoperative characteristics that are both sensitive and specific predictors of postoperative respiratory insufficiency due 
to lost of resected lung. In addition, in some instances these studies also have provided opportunities to predict overall perioperative complications based upon 
preoperative characteristics.

The history of efforts to define with ever-greater precision the subset of patients with potentially resectable carcinoma of the lung in whom surgery is feasible on 



physiologic grounds provides an instructive overview of our evolving understanding of the pathophysiology of chronic respiratory insufficiency. Investigators have 
attempted to define the limits of safe resection based upon traditional ventilatory parameters, measurements of gas transfer, techniques aimed at determining the 
contributions of specific portions of the lung to the patient's respiratory function, studies of pulmonary vascular reserve, and cardiopulmonary exercise testing ( Table 
36.1, Table 36.2). While simple measures may suffice for patients with relatively well-preserved lung function, the use of multiple parameters is often necessary for 
patients with more significant impairment. The historical perspective presented in the discussion that follows is helpful for understanding the complimentary roles of 
the different parameters for the determination of operative risk. Recent series describe postoperative mortality that ranges from 0.9% to as high as 11.6% depending 
on the type of resection (higher for pneumonectomy).12,13,14 and 15 Operative morbidity ranges from the teens to higher than 40%.16 However, in comparing figures for 
morbidity and mortality from different surgical series, it is critical to recognize not only the differences in the patient characteristics but also differences in the accepted 
limits of operability in each study.

TABLE 36.1. PUBLISHED CRITERIA OF PULMONARY FUNCTION FOR PREDICTING HIGH RISK FOR LUNG RESECTION

TABLE 36.2. STUDIES EXAMINING MEASURE OF AEROBIC CAPACITY IN THE PREOPERATIVE EVALUATION OF LUNG CANCER PATIENTS

Spirometry/Lung Volumes

A spirometric study is one of the most widely used measures of ventilatory function. Well-accepted standards for measurement 17 and interpretation are available. 18 
With a spirometer one can measure expired volumes such as the FVC, and the time components including the FEV 1. These studies are particularly valuable in 
assessing airflow obstruction.18 Maximum breathing capacity (MBC), now named the maximum voluntary ventilation (MVV), can be measured as the total volume of air 
which can be rapidly inhaled and exhaled repetitively for up to 12 seconds. Using such measures (timed FVC and MBC), Gaensler and associates 19 studied 460 
patients treated surgically for pulmonary tuberculosis. Those patients with an MBC of less than 50% predicted and a FVC of less than 70% predicted suffered a 40% 
postoperative mortality due to respiratory insufficiency.

Mittman20 retrospectively reviewed various pulmonary function parameters in 196 patients undergoing thoracic surgical procedures (103 for thoracic malignancy). The 
best parameter in separating those with postoperative mortality was a MBC of less than 50% predicted. The addition of an elevated RV/TLC ratio (suggesting 
hyperinflation from underlying COPD) and an ECG with “nonspecific abnormalities” strengthened the ability to identify patients at high risk for thoracic surgery.

Boushy and colleagues21 studied 142 patients with bronchogenic carcinoma using various pulmonary function studies, and followed for up to three years 
postoperatively. Those patients (n = 12) with severe postoperative respiratory difficulty including death had a lower FEV 1. These authors felt that an FEV1 of less than 
2 L and an FEV1/FVC of less than 50% were poor prognostic signs in patients over the age of 60 undergoing pulmonary resection. These criteria have been widely 
accepted and often quoted.

Lockwood22 measured multiple pulmonary function studies in 243 patients evaluated for thoracotomy for lung carcinoma. This author advocated using multiple 
parameters in identifying high-risk patients. 23 He found the following parameters to identify these high-risk patients: VC less than 1.85L, FVC less than 1.7L, RV more 
than 3.3L, TLC more than 7.9L, RV per TLC more than 47%, FEV1 less than 1.2L, FEV1/FVC less than 35% or MVV less than 28 L per minute. Note that these 
parameters were not indexed to a patient's age, sex, race, or weight, and as such their widespread applicability to all patients is limited.

Boysen and associates24 prospectively studied 72 patients considered for thoracotomy. Postoperative respiratory complications (mainly pulmonary) were seen in 40 
patients. FEV1, FVC, and MVV were lower in these patients compared to those without postoperative complications. Miller, 25 using preoperative pulmonary function 
testing, split perfusion lung scans (see below), and Reichel exercise tests (see below) reported surgical results in 2,340 patients who underwent pulmonary resection 
over a 16-year period. Using the criteria shown in Table 36.1 (based in large part on predicted postoperative pulmonary function testing described later), the author 
reported an operative mortality, confined to the 30-day hospital period, of less than 1%. The authors reported that 39 patients were denied the operation on the basis 
of preoperative pulmonary function.

These data suggest that simple pulmonary function testing has a role in identifying patients at particularly high risk for resection. Nevertheless, there is not uniform 
agreement in the literature. Larsen and Cliffton 26 retrospectively examined the results of 533 patients who underwent thoracic surgery at Memorial Sloan-Kettering 
Cancer Center from 1949 to 1960. Seventy-three of these patients did not tolerate surgery (died in hospital or developed severe respiratory failure). No difference was 
seen in VC or MBC between these patients and those who “tolerated” surgery. Of interest, is that “chronic lung disease” was present in only 33.7% of all patients but 
was more likely to be seen in those with respiratory insufficiency after surgery than in those without respiratory insufficiency. Furthermore, FEV 1 was not examined, 
nor were spirometric measures performed in a standard fashion throughout the course of the study period. Keagy and colleagues 27 studied 90 patients undergoing 
pneumonectomy for lung cancer with spirometry. The authors found no correlation between morbidity or mortality after surgery and preoperative spirometry. The 
authors, however, did not report the number of patients during the study period that had been evaluated for surgery but rejected on the basis of pulmonary function 
testing. This selection bias limits the conclusions reached by the authors. Kearney and colleagues prospectively studied 331 patients undergoing thoracic resections 
over a two-year period.15 An FEV1 below 1 L was not predictive of postoperative complications.

In summary, spirometry serves as a simple, cheap, and reproducible test of respiratory function that is a sensitive but not specific predictor of postoperative difficulty. 
Most studies have shown that parameters such as FEV1, FVC, and FEV1/FVC can identify patients who are likely to experience perioperative complications and/or 
postoperative respiratory insufficiency. However, as surgery is the only good curative alternative in patients with NSCLC, we must be sure to minimize the number of 
patients who are inappropriately denied surgery based on simple spirometric results. Therefore, we use spirometry to identify the highest-risk patients and exclude 
only those patients with severely abnormal pulmonary function (see Table 36.1) unresponsive to aggressive efforts to improve airflow obstruction (as will be described 



later) or unsuitable for lung sparing surgical resection. Further studies are usually required to define better the clinical situation.

Diffusion Capacity (DLCO)

The DLCO has been widely available for over 30 years. 28 The test measures the available alveolar-capillary surface area for gas diffusion, the alveolar membrane 
integrity, and the pulmonary capillary blood volume. It is thus a particularly sensitive, albeit nonspecific, test for pulmonary disease. 29 In patients with COPD, the 
DLCO is closely correlated with the extent of anatomic emphysema.30,31 Limited study has been devoted to this test as a predictor of postthoracotomy outcome. 
Ferguson and colleagues32 retrospectively studied the results of lung resection in 237 patients (lung cancer in 199). The DLCO (as a percent of predicted) was the 
most important predictor of mortality and the sole predictor of postoperative pulmonary complications. The same group confirmed these findings in a prospective study 
of 40 patients undergoing lung resection. 33 Those patients with a postoperative complication had a lower DLCO (65.3% of predicted) than those not experiencing such 
a complication (90.1% of predicted). In an excellent study, Markos and associates 34 prospectively studied 55 consecutive patients with suspected lung cancer. 
Patients were studied with spirometry, DLCO (expressed as a percent of predicted), pulmonary scintigraphy (described below), and exercise testing (discussed 
below). Among their findings, the DLCO was the best predictor of overall complications. In a retrospective study of 62 resections in 61 patients at high risk (FEV 1 less 
than 60% predicted or DLCO less than 50% predicted), a low DLCO identified patients at higher risk of respiratory complications and long-term respiratory morbidity. 35

 In a prospective study of resection in 54 patients, Pierce and colleagues confirmed that preoperative DLCO as a percent of predicted was an excellent predictor of 
surgical complications, although not of cardiovascular or respiratory complications. 36 It is plausible that the DLCO, because of its sensitivity in identifying pulmonary 
parenchymal or vascular abnormality, may be particularly sensitive in identifying gas exchange difficulty after thoracotomy. 11

Measure of DLCO may serve as an additional parameter which aids in identifying patients at high risk for perioperative complications and/or postoperative respiratory 
failure. The data are limited, however, and, as such, elimination of patients from curative resection solely on the basis of a decreased DLCO may not be appropriate. 
We use the DLCO to identify patients needing further testing and more intensive preoperative “tuning,” as will be discussed later. In addition, DLCO data are used to 
strengthen our initial suspicion of unresectability as suggested by spirometric data.

Split Lung Function Studies

As we approach the question of resection of a portion of lung for treatment of carcinoma, it seems intuitively obvious to take into account that all portions of the lung 
may not contribute equally to the patient's ventilatory reserve. It is likely that a patient who is not experiencing respiratory compromise despite complete atelectasis of 
one lung will survive resection of that lung without postoperative respiratory insufficiency. Since the time of the height of the tuberculosis epidemic, investigators have 
attempted to estimate unilateral lung function in an effort to predict loss of function after aggressive surgical therapy in the individual case. More recently, additional 
efforts have focused on the ability to predict precisely postoperative lung function after lobectomy.

Bronchospirometry

Neuhaus and Cherniack37 used the technique of bronchospirometry to predict postoperative VC and MBC. This technique involved the placement of a double-lumen 
endotracheal tube under local anesthesia, which allowed the isolation of each lung. In this way, during quiet breathing and maximal ventilation, the VC of each lung 
could be estimated. Furthermore, the oxygen uptake (VO2) of each lung could be measured. These investigators 37 studied 80 patients who underwent 
pneumonectomy for tuberculosis and had undergone bronchospirometry preoperatively. They were able to predict postoperative VC and MBC with correlation 
coefficients between predicted and actual postoperative values of 0.86 and 0.67, respectively. An earlier study using bronchospirometry in 45 patients undergoing 
pneumonectomy and 97 patients after thoracoplasty allowed Snider and Shaw38 to construct regression equations to predict the loss of VC and MVV resulting from 
surgery. The authors noted that the bronchospirometrically determined function of lung resected had little effect on postoperative lung function unless the 
preoperative pulmonary function was low. These data, in conjunction with the difficulty in performing the studies as well as the discomfort associated with the 
placement of the double-lumen endotracheal tube, have markedly limited the use of this study. The equipment to perform this test is now rarely available. We describe 
these studies to emphasize their historical role as the first accurate way to predict unilateral lung function. 11

Lateral Position Test (LPT)

This study was first developed by Bergan in the late 1950s 39 and consists of a period of tidal breathing from an oxygen-filled spirometer containing a CO 2 absorber. A 
baseline VO2 is obtained with the patient breathing supine from functional residual capacity (FRC). The patient is then asked to lie in a right or left lateral decubitus 
position while still breathing from the spirometer. After lying supine again to reestablish a baseline, the patient lies with the other lung superior. The difference in FRC 
owing to hyperinflation of the uppermost part of the superior lung as a percentage of the total volume change allows the unilateral lung function to be estimated. 11

Marion and colleagues40 and Walkup and colleagues 41 noted good correlations between predicted and actual pulmonary function (particularly FEV 1 and FVC; DLCO 
and lung volume estimates were less accurate) using LPT to predict postsurgical function. The limitations of the LPT quickly became evident however. Walkup and 
colleagues41 correctly pointed out that lobar function could not be estimated using this technique. Furthermore, an earlier study 42 compared LPT, radionuclide studies, 
and bronchospirometry to determine unilateral lung function. There was an excellent correlation between values estimated using radionuclide studies and 
bronchospirometry (for FVC, r = 0.95). Values estimated by LPT were “statistically inferior” (for FVC, r = 0.87). A subsequent study by Jay and colleagues 43 revealed 
the major limitation of this study when they examined the variability of values obtained using this technique. In ten normal subjects, tests were performed in triplicate 
for five consecutive days. The variability of same-observer and different-observer measurements was minimal. However, there was significant variability in tests 
conducted in the same subject on the same day and in day-to-day measurements in any given subject. Finally, Schoonover and associates 44 examined the variability 
of the LPT in patients with COPD (24 patients with an FEV 1 of less than 2 L). A good correlation was found between estimated postpneumonectomy FEV1 predicted 
from radionuclide scan and LPT (r = 0.72). There was however a more than 10% difference between these results in 59% of the patients. Furthermore, a subgroup of 
patients performed multiple LPTs. The variation was 14 times greater than in normal subjects, suggesting that as many as 37 tracings would be needed on each 
patient to obtain a value with an acceptably low measurement error. Because of these limitations, the LPT appears to have a limited applicability in the preoperative 
evaluation of patients being considered for lung resection. It is rarely used now and usually in centers without access to radionuclide studies.

Radionuclide Studies

Over the past 20 years, radionuclide techniques have become widely accepted for estimating postoperative function after lung resection. These techniques have been 
used predominantly to minimize postoperative respiratory failure by identifying particularly high-risk patients. The techniques available have recently been reviewed. 45

 Kristersson and associates46 first estimated unilateral lung function by measuring 133Xe (133Xe-ventilation radiospirometry). The estimated postpneumonectomy values 
for spirometry were compared with actual values measured one month to one year postsurgery. The correlations between these values were reasonably for FEV 1 (r = 
0.63) and FVC (r = 0.73). The authors suggested that a postoperative FEV 1 of less than 1 L was the lower limit of operability.

Subsequently, Olsen et al 47 modified the technique by estimating unilateral lung perfusion by injecting 99mtechnetium ferric hydroxide macroaggregates intravenously. 
This approach is designed to identify the extent of alveolar-capillary membrane that would remain following resection. The radioactivity emanating from each 
hemithorax was quantified and the predicted postoperative pulmonary function estimated using the formula:

Postsurgery PFT = (Preoperative PFT) × (% of total function contributed by the lung remaining).

In this way PFT parameters were compared to values measured three months following pneumonectomy. Thirteen patients in the study had moderately severe COPD 
preoperatively. The correlations between predicted and actual postpneumonectomy values were significant for FEV 1 (r = 0.72), FVC (r = 0.71), MVV (r = 0.75), and 
DLCO (r = 0.62). A significant error was present in the majority of cases. However, the predicted values were generally lower giving a “margin of safety.” The authors 
suggested a postoperative FEV1 of less than 0.8 L as being particularly high risk, although no specific evaluation of this cutoff was provided. Furthermore, pulmonary 
function was not corrected for age, sex, and height, particularly as the patients in this study were from an elderly, male, veteran population.

Ali and associates 48 prospectively studied 27 patients undergoing pneumonectomy for lung cancer using 133Xe to study regional ventilation and perfusion. The 
correlation of percentage loss in FEV1 and FVC as compared to predicted loss using estimated single lung function was in a range similar to prior studies (r = 0.63). 
These authors expressed postoperative function as a percent of predicted values, thereby normalizing function across all patients. The authors showed that seven of 



eight patients with an FEV1 of less than 40% predicted had died, while ten of seventeen with an FEV 1 of more than 40% predicted remained alive. The causes of 
death were not provided, however. These same authors49 in a subsequent study investigated the ability of 133Xe radiospirometry to predict postoperative function after 
pneumonectomy (n = 97) or lobectomy (n = 44). They noted a good correlation between predicted FVC and FEV 1 and measured postoperative values for resections 
involving more than three segments (r = 0.83). Resections involving less than three segments (generally right upper lobectomies) were associated with less reliable 
predictions. Furthermore, the authors noted relatively stable function after pneumonectomy but a disproportionate early loss after lobectomy, which improved over 
time. This is quite significant, as patients with marginal pulmonary function may have very little reserve in the early postoperative period, leading to a greater 
likelihood of respiratory failure. More recently the same group 50 reported that a postoperative FEV 1 (ppoFEV1) of less than 40% predicted was associated with a 
greater short-term mortality, but that long-term mortality was more closely related to tumor stage. Highest-risk individuals were noted to have estimated ppoFEV 1 
values of less than 33% predicted with evidence of severe generalized airway obstruction (FEV 1/FVC less than 50%) and abnormal distribution of regional ventilation 
or perfusion within the non–tumor bearing lung. The importance of a predicted postoperative FEV 1 of more than 40% predicted is evident.

Boysen and colleagues51 studied 33 patients felt to be at high risk for pneumonectomy on the basis of prior PFT criteria (similar to those shown in Table 36.1). 
Quantitative perfusion lung scans were used to predict postoperative FEV 1 (ppoFEV1) as described earlier. If the ppoFEV 1 was more than 0.8 L, surgery was offered 
to the patient. Perioperative mortality before 30 days after surgery) was found to be an “acceptable” 15% (particularly given the high-risk nature of the patients). A 
subsequent study by the same group52 of high-risk individuals (mean preoperative FEV 1 of 1.68 L prior to pneumonectomy) was published in 1981. These authors 
followed patients for a minimum of one year after surgery. A low incidence of deaths due to respiratory failure (17%) was noted, which was felt by the authors to 
related to the estimation of an adequate postoperative pulmonary reserve (FEV 1 of more than 0.8 L). The majority of deaths occurred from metastatic disease (69% of 
the deaths).

Wernly et al. 53 used a similar radionuclide technique ( 133Xe ventilation and 99mTe-macroaggregated albumin perfusion scans) prospectively in 85 patients (45 
pneumonectomies, 40 lobectomies). Correlation of predicted postpneumonectomy pulmonary function was similar to the results of other investigators described 
earlier, whether ventilation or perfusion scans were used to estimate postsurgical lung function. The authors provided novel information in predicting ppoFEV 1 after 
lobectomy. They noted an excellent correlation (mean percent error less than 10%) using perfusion scans to estimate unilateral lung function and the following 
equation to estimate postlobectomy FEV1:

Similar correlations occurred if expected loss of function was estimated by regional function of the lobe to be resected (estimated from the perfusion scan) or by 
simply subtracting the number of segments to be removed as a fraction of all segments in both lungs. Using a ppoFEV 1 of over 1 L as the lower limit of operability the 
authors noted no postoperative deaths from respiratory failure in 22 patients with a preoperative FEV 1 of less than 2 L who underwent pneumonectomy. Forty patients 
with an FEV1 of less than 1.5 L underwent lobectomy (again assuming a ppoFEV1 of over 1.0 L) with no deaths or cases of postoperative respiratory insufficiency. A 
similar study by Egeblad and colleagues 54 estimated the loss of lung function expected by estimating the number of lung segments to be resected. No unilateral 
measure of lung function was performed; the authors estimated at the time of bronchoscopy the number of patent and nonventilated segments (occlusion defined as 
over 75% luminal narrowing) and estimated ppoFEV 1 using the following equation:

In studying 96 patients undergoing lung surgery, they found a correlation coefficient between ppoFEV 1 and actual FEV1 six months postoperatively of r = 0.83; the 
correlation coefficient was r = 0.85 for FVC. The obvious limitations to this technique include the failure to account for differences in ventilation/perfusion ratios of the 
varying pulmonary regions (particularly in patients with COPD) and the failure to consider the differences in size between the two lungs. An overestimation in 
predicting functional loss has been measured at approximately 250 mL after lobectomy and 500 mL after pneumonectomy. 55 Furthermore, patients with severe 
atelectasis, endobronchial tumor involvement, and/or hilar disease may not have equal ventilation to each segment. 15 Nakahara and associates accounted for this in a 
nonscintigraphic estimate of postoperative pulmonary function which made a distinction between obstructed and nonobstructed airways. 56 Using this technique, 
ppoFEV1 was predictive of postoperative complications. If a physician has no access to radionuclide studies, this crude method may be able to provide a rough 
estimate of ppoFEV1.

Radionuclide scanning has also been reported to accurately predict postoperative exercise function. Corris et al 57 used 133Xe ventilatory and 99Te perfusion scans in 
28 patients before pneumonectomy. Estimates of ppoFEV1 showed good correlation with measured values postsurgery. Fourteen patients performed exercise tests 
with measures of maximum ventilation (maxVE) and maximum oxygen uptake (maxVO2) before and four months after pneumonectomy. A significant correlation was 
found between the change in maxVE and maxVO2 after surgery and the percentage perfusion to the resected lung. Estimation of postoperative maxVE and maxVO 2 
on the basis of 99mTe perfusion scans showed good agreement with observed values. Similarly, Bolliger and colleagues were able to accurately estimate postsurgical 
aerobic capacity in 22 patients after thoracic resection. 58 These data suggest that estimates of unilateral lung function may serve to estimate exercise capacity after 
pneumonectomy.

Not all data have been consistently supportive of radionuclide scanning, however. Ladurie and Ranson-Bitker 59 recently reviewed their experience with 159 patients 
who had undergone pneumonectomy (131 for lung cancer). Unilateral functional determination was done with bronchospirometry in 47 patients and with radionuclide 
scanning in 112. The difference between the ppoFEV 1 and the actual postoperative FEV1 was greater than one standard deviation in 37 patients (mean difference 415 
mL). Overestimation of ppoFEV1 was seen in 20 patients, while underestimation was seen in 17. In addition, Holden and colleagues found neither the ppoDLCO nor 
ppoFFEV1 predictive of complications in a small study of 16 patients. 60

Markos and associates34 published an excellent prospective study of 55 consecutive patients with suspected lung cancer which places many of these issues into 
practical perspective. The patients were studied preoperatively with spirometry, lung volume measurements, DLCO measurements, radionuclide studies to predict 
postoperative function, and an exercise test (discussed later). Eighteen patients underwent pneumonectomy, while 29 underwent lobectomy. Predicted pulmonary 
function correlated well with measured postoperative values. The lower correlations seen with pneumonectomy in this study were felt to reflect the effects of 
postoperative radiation therapy. PpoFEV 1 was less than 0.8 L in 12 of 29 patients treated with lobectomy. However, expressing data as a percent of predicted allowed 
the authors to show that ppoFEV1 of over 40% predicted was associated with no mortality, while ppoFEV 1 of less than 40% predicted was associated with a 50% 
mortality. Furthermore, predicted postoperative DLCO (ppoDLCO) of less than 40% predicted was also associated with a high mortality and morbidity. PpoFEV 1 and 
ppoDLCO were the best predictors of postoperative death and postoperative respiratory failure, respectively. It should be noted however, that 47% of the patients 
studied had a preoperative FEV1 of over 2 L with only 6% having a preoperative FEV 1 of less than 50% predicted. These patients were thus generally “healthier” than 
those reported in most previous studies. Nevertheless, this study showed the value of predicting postoperative function in estimating not only postoperative mortality 
but complications as well. Furthermore, expressing data as a percent of normal predicted for a given patient had a clear, practical value.

Recent data have expanded the role of postsurgical prediction of lung function. Pierce and colleagues prospectively examined 54 patients undergoing thoracic 
resection.36 Postoperative pulmonary function was estimated using quantitative perfusion scanning in those patients with a presurgical FEV 1 of over 55% predicted 
and by estimating the proportional loss of pulmonary segments in those patients with a presurgical FEV 1 of less than 55% predicted. They confirmed the value of 
ppoFEV1 and ppoDLCO in predicting surgical mortality, while ppoDLCO predicted surgical complications. A composite score generated by multiplying ppoFEV 1 and 
ppoDLCO, the PPP, or predicted postoperative product, was highly predictive of complications and the best single predictor of surgical mortality in contrast to baseline 
pulmonary function studies. A PPP over 1850 was seen in seven of eight patients dying but in only five of 44 survivors. Similarly, Ribas and colleagues prospectively 



examined 65 patients scheduled for thoracotomy by estimating postoperative pulmonary function. 61 They confirmed that ppoFEV1 was the only value that differed 
between those patients experiencing postoperative respiratory complications and those that did not experience such complications. Filaire and associates 
prospectively defined predictive factors of postoperative hypoxemia and mechanical ventilation in 48 patients undergoing lung resection. 62 In lobectomy but not 
pneumonectomy the best predictor was ppoFEV1. Similarly, Wang and colleagues retrospectively examined 410 patients undergoing lung resection over a 17-year 
period at the University of Chicago.63 A low ppoDLCO was predictive of operative death but of long-term survival.

Wu and colleagues estimated postoperative pulmonary function using quantitative computed tomography (CT). 64 Excellent correlations were noted between CT 
estimates and actual measurements of postoperative FEV1 (r = 0.93). As most patients with suspected bronchogenic cancer undergo preoperative CT scanning, this 
technique could prove particularly useful if prospective validation is provided in comparison to standard scintigraphic techniques.

Measurement of predicted pulmonary function after lobectomy or pneumonectomy is easily done with the use of radionuclide imaging (either perfusion or ventilation). 
Using a ppoFEV1 of over 40% predicted likely minimizes postoperative respiratory failure and may identify those patients with lower perioperative complications. If 
radionuclide scanning is not available, then estimates of the number of segments to be resected can be made at the time of bronchoscopy. The data supporting this 
technique are limited, however. In most patients it is not necessary to estimate postoperative function. This approach is reserved for those patients in whom initial 
spirometric or DLCO measurements suggest a higher risk of postoperative respiratory insufficiency, as defined in Table 36.1. If one is unsure of the extent of 
resection, then estimates of ppoFEV1 should be made for both limited and extensive resection (including pneumonectomy). In this way the surgeon carries all 
necessary information into the operating room, where the final decision will be made.

Vascular Studies

The role of pulmonary hypertension and cor pulmonale in respiratory disability became evident during the tuberculosis epidemics. In 1958, Harrison and colleagues 65 
noted significant rises in pulmonary artery pressure with exercise in 28 patients after pneumonectomy. The authors also found a correlation between the degree of 
disability and abnormal pulmonary hemodynamics, confirming the importance of abnormal pulmonary vasculature in the postoperative morbidity after pulmonary 
resection. Subsequently, measures of preoperative pulmonary vascular function were felt to be useful in minimizing postoperative respiratory failure.

Temporary unilateral pulmonary artery occlusion (TUPAO) was felt to aid in assessing the pulmonary vascular response to planned pulmonary resection. TUPAO was 
first described with the use of a cardiac catheter with a large distal rubber cuff by Carlens and associates. 66 When passed into the pulmonary artery of the lung to be 
removed, inflation of the catheter occluded the blood flow to this lung. This occlusion was felt to result in a “physiologic pneumonectomy.” 11 Measurement of 
pulmonary artery pressures and arterial hypoxemia was felt to identify patients at high risk for postoperative hemodynamics instability. Uggla 67 examined the role of 
TUPAO in 1956 in 109 patients with varying bilateral benign disease. The patients were separated into three groups, based on follow-up: “dead,” “cardiorespiratory 
cripples,” and “fit for work.” There was a progressively larger VC and MBC across these groups although the differences were not striking. Resting pulmonary artery 
pressures were somewhat higher in the patients who had died, with a resting pressure of 22 mm Hg carrying a “very grave prognosis.” With TUPAO, the pulmonary 
artery pressure in all patients rose approximately 50%. This was accentuated with activity. The authors reported that a pulmonary artery pressure of over 35 mm Hg 
and a systemic arterial oxygen level of less than 45 mm Hg during TUPAO was frequently associated with death.

Rams et al68 incorporated intraoperative TUPAO as part of the routine evaluation of patients undergoing pneumonectomy. The authors reported results in 61 patients 
studied in such a fashion. The duration of pulmonary artery occlusion was not reported. The patients who survived the immediate 30-day postoperative period (n = 45) 
were compared to those who died within this 30-day period (n = 16). The former patients showed a resting pulmonary artery pressure of 22 increasing to 26 with 
TUPAO, while the latter group showed a resting pulmonary artery pressure of 26 mm Hg which rose to 30 with TUPAO. The authors could not define absolute criteria 
but felt that a patient with a resting pulmonary artery pressure of over 25 mm Hg with a further rise on TUPAO as well as low preoperative VC and MBC was at 
particularly high risk. Similar data were provided by Van Nostrand and associates, 69 who felt that a rise in pulmonary artery pressure to over 40 mm Hg with TUPAO 
during exercise may be a reasonable cutoff for operability, although this rarely happened in their patients.

Laros and Swierenga70 studied 142 patients with TUPAO prior to lung cancer surgery. TUPAO was performed for ten minutes at rest and with 20 to 25 leg raises. No 
correlation was found between preoperative findings and early postoperative mortality. In three patients right ventricular rupture complicated the procedure, with death 
resulting in two. In an often quoted study, Olsen and colleagues 71 prospectively studied 56 patients with abnormal screening pulmonary function studies using TUPAO 
and split lung function measured with radionuclide scanning. Surgery was offered to those patients with a ppoFEV 1 of over 0.8 L, pulmonary artery pressure with 
occlusion (at rest or exercise) of less than 35 mm Hg, and systemic paO2 with TUPAO during exercise of over 45 mm Hg. Using these criteria, 42 patients underwent 
surgical exploration (resulting in 17 pneumonectomies and 13 lobectomies). The cardiopulmonary mortality was 17.6% for pneumonectomy and 7.7% for lobectomy, 
which the authors felt was acceptable particularly given the high-risk nature of the patients. Of interest is that TUPAO was not technically possible in 26% of the 
patients. Given the technical difficulties and risk of TUPAO, it is now rarely used and likely has a very limited role in the preoperative evaluation of a candidate for 
pulmonary resection.

More recently Lewis and colleagues performed detailed hemodynamic monitoring at rest and after pulmonary artery clamping in 20 patients with moderately severe 
COPD (FEV1 of 66% predicted) undergoing pneumonectomy.72 No relation was noted between any pulmonary function test or derived hemodynamic variable and 
length of hospital stay or the development of in-hospital complications. Late cardiopulmonary disability was more likely in those patients with a right ventricular 
ejection fraction less than 35%, pulmonary vascular resistance greater than or equal to 200 dyne-sec-cm –5, and a pulmonary vascular resistance/right ventricular 
ejection fraction ratio greater than or equal to 5.0 after pulmonary artery clamping.

Given the technical difficulties and poorly defined thresholds for resection, pulmonary vascular measurements are rarely made. We reserve this for the rare patient in 
whom the studies described earlier (spirometry, DLCO, radionuclide testing) are contradictory but resection is felt feasible.

Exercise Testing

Exercise tests have become widely accepted in the evaluation of cardiovascular disease, dyspnea, and disability, and for the determination of exercise prescriptions. 
As they provide an objective assessment of a subject's exercise capacity, much interest has been devoted to examining their role in the evaluation of the lung 
resection candidate. The majority of studies use exercise capacity to predict postoperative morbidity. This has been elegantly reviewed by Olsen 73 and Bolliger and 
Perrucoud.1 Olsen separated exercise tests in this setting into three categories: simple tests of exercise tolerance, tests of pulmonary vascular response to exercise, 
and tests of aerobic capacity utilizing expired gas analysis. We will discuss each of these in turn.

Simple Exercise Tolerance Tests

Tests of exercise tolerance were among the first used to assess “operability” in patients being considered for lung surgery for tuberculosis. Gaensler 19 in 1955 
measured ventilation during walking 180 feet within one minute in a large group of patients undergoing surgical treatment of tuberculosis. There was no prognostic 
value to this measurement. Olsen73 estimated this degree of exercise to translate to a VO2 (see below) of approximately 12 mL per kg per minute in a 70 kg male, a 
moderate workload at best. Bagg74 used a similar simple test of ambulation. Thirty patients with lung cancer walked for 12 minutes with a measure of the total distance 
walked (12-minute walk test). There was no significant ability of this 12-minute walking distance or the level of dyspnea experienced to discriminate the seven patients 
who suffered postoperative ventilatory complications. This level of stress was likely inadequate.

Van Nostrand and colleagues,69 as part of their preoperative evaluation, assessed the ability of patients to climb one flight of stairs (19 steps) without severe dyspnea. 
The authors pointed to the death of two of the four patients who could not walk one flight of stairs without severe dyspnea. Only seven of 63 patients who were able to 
climb two flights with little dyspnea failed to survive pneumonectomy. The authors recommended rejection for pneumonectomy if: (a) patients were unable to climb one 
flight without severe dyspnea; (b) estimated postoperative FEV 1 was less than 0.7 L; or (c) pulmonary artery pressure rose to more than 40 mm Hg with intraoperative 
pulmonary artery clamping (see above). The importance of a single flight of stairs climbed without dyspnea is still widely used despite limited supporting data.

Recently stair climbing has received more rigorous investigation. Bolton and associates 75 related pulmonary function to a stair climb (performed at subject's own pace 
as far as possible to a maximum of 127 steps, five flights) in 70 male patients. There was a correlation between the number of steps climbed and FVC (r = 0.59), FEV 1
 (r = 0.65), FEV1/FVC (r = 0.56), and MVV (r = 0.55). The authors further noted that patients who climbed all five flights had an FEV 1 of over 1.75 L, while of those who 



climbed less than three flights the majority had an FEV 1 of less than 1.7 L.

A subsequent study by these same investigators76 examined the ability of such a stair climb to serve as a preoperative study prior to thoracotomy. The ability to climb 
three flights was associated with a decreased complication rate, shorter mechanical ventilation time, and shorter hospital stay. Unfortunately, due to the small number 
of fatal complications, mortality could not be accurately predicted. The retrospective nature of data collection and inconsistent collection of data were obvious 
limitations to this study. Nevertheless, it suggested that this simple test of exercise endurance could serve as a predictor of outcome after thoracotomy.

In a recent prospective study of 16 patients with lung cancer, Holden and colleagues 60 studied all patients with spirometry, DLCO, cycle ergometry (with gas exchange 
measurements as described below), radionuclide scanning with prediction of ppoFEV 1, walking distance, and a symptom-limited stair climb (at the patient's own 
pace). Those patients who died within 90 days of surgery (n = 5) had a shorter six-minute walk distance and lower stair climb than those who had minor or no 
postoperative complications (n = 11). A six-minute walk distance greater than 1000 feet and stair climb greater than 44 steps (four flights) were predictive of a 
successful surgical outcome. This level of work is clearly greater than that of Gaensler and colleagues 19 and Van Nostrand and colleagues. 69

Pollock and colleagues77 studied 31 men with moderate COPD (mean FEV1 52% predicted; range 21% to 89% predicted). All underwent cycle ergometry with gas 
exchange measures and a symptom-limited stair climb. During the latter, expired gases were collected and VO 2 and VE calculated during each of the last three flights. 
The VO2, VE, and heart rate were greater during stair climbing than cycle ergometry, suggesting a greater metabolic load to the former. The number of steps climbed 
correlated well with VO2 (see Figure 36.1). This study allows a reasonable estimation of aerobic capacity (VO 2) using a readily accessible method of testing exercise 
capacity (stair climbing). It also suggests that to achieve a significant metabolic load, a patient may need to climb more than one or two flights. In a recent, prospective 
study, Pate and colleagues compared spirometric and radionuclide techniques, stair climbing, and formal cardiopulmonary exercise testing in 12 patients at high risk 
based on routine spirometric criteria (FEV 1 over 2 L).78 All patients underwent thoracic resection, with two experiencing major complications (one death) and five minor 
complications. Ten of the 12 patients were able to climb more than three flights, which the authors felt was an appropriate threshold for considering thoracic resection.

FIGURE 36.1. The peak VO2 achieved is linearly related to the number of steps climbed by 31 men with moderately severe chronic airflow obstruction (FEV 1 52% 
predicted). (From Pollock M, Roa J, Benditt J et al. Estimation of ventilatory reserve by stair climbing. A study in patients with chronic airflow obstruction. Chest 
1993;104:1378, with permission.)

Rao and colleagues reported a retrospective review of 396 consecutive patients of whom 299 underwent both preoperative spirometry and oximetry during a standard 
150 meter walk.79 Abnormal oxygen saturation during this limited exercise test was defined as an oxygen saturation below 90%, with subgroups experiencing a 
greater than 4% or 5% absolute drop in oxygen saturation. Compared with spirometric indices, abnormal oximetry more reliably predicted home oxygen requirements, 
the need for intensive care unit admission, prolonged hospital stay, and respiratory failure. Prospective validation in comparison with postoperative prediction of 
pulmonary function is required, however.

Several investigators have explored more formal exercise endurance tests in the preoperative assessment of patients prior to thoracotomy. Reichel 80 reported a 
retrospective study of 75 patients undergoing pneumonectomy. Thirty-one of these patients performed an incremental treadmill exercise test (performed in six stages 
of increasing grade, speed, and cumulative time). No patient who finished all six stages of the protocol experienced postoperative complications. Fifty-seven percent 
of those who did not complete the test experienced significant postoperative complications. Of the four unable to walk through stage 1, two died and one survived with 
severe complications. Apparently, other measures of pulmonary function could not predict mortality or morbidity in this study. Others have utilized this exercise 
protocol. Miller25 reported a less than 1% operative mortality using a preoperative evaluation including the Reichel exercise test (performed in 217 of 2,340 patients). 
Of the 160 patients who passed the test, 84 underwent pneumonectomy (four died); 67 patients failed the test, with seven undergoing pneumonectomy and two dying.

Berggren and associates81 reported the results of bicycle ergometry in 82 elderly patients performed as part of a preoperative evaluation prior to lung cancer surgery. 
Exercise was performed at 50 watts for six minutes, and the workload was increased at 10-watt increments to a maximal cardiac frequency of less than 170 beats per 
minute. The results for lobectomy (44 patients) were presented in detail. Postoperative mortality was 7.7% in those who completed more than 83 watts in six minutes, 
while it was 22% for those completing less than this. Mortality was also higher with lower pulmonary function (FEV 1 of less than 2.4 L, FVC below 3.7 L, FEV1/FVC 
less than 68%).

Gerson and associates82 reported the results of bicycle ergometer in predicting cardiac and pulmonary complication in 177 elderly patients (age over 65 years) 
undergoing abdominal or noncardiac thoracic surgery. Exercise was on a supine bicycle ergometer with an initial workload of 25 watts; load was increased by 12.5 
watts per minute until limiting dyspnea, chest pain, or fatigue. “Inability to complete exercise” was defined as the inability to raise heart rate above 99 beats per minute 
for two minutes. The result of exercise testing was the best predictor of perioperative pulmonary, cardiac, or combined complications. In the 108 patients who were 
able to “complete the exercise” ten patients (9.8%) suffered a complication (with one death); in the 69 patients who were unable to complete the exercise protocol (as 
defined earlier) 29 suffered complications (with five deaths). As such, simple measures of exercise endurance (treadmill, bicycle ergometer, or stair climbing) may be 
appropriate in selected patients to aid in predicting postoperative mortality and morbidity. We do not use these routinely, but reserve them for those patients in whom 
preoperative screening studies suggest a higher risk ( Table 36.1).

Vascular Response to Exercise

As described earlier, pulmonary hypertension was noted as a complication of thoracic resection in the tuberculosis era. The importance of assessing the pulmonary 
vascular bed was thereby recognized. 65,83 Such early studies of pulmonary vascular response were described above with use of TUPAO at rest and during 
exercise.67,70,71,83 As noted earlier, the results of these studies were inconclusive.

Recently the pulmonary vascular response during exercise has again come under scrutiny as a predictor of postoperative complications in patients undergoing lung 
resection. Fee and associates 84 reported results of resting pulmonary function testing and pulmonary vascular resistance (PVR) measurements at rest and with 
exercise. Forty-five patients were separated on the basis of resting pulmonary function. Group A (n = 27) had a room air paO 2 of over 50 mm Hg and FEV1 and FVC 
more than 50% predicted; Group B (n = 18) had paO2 of less than 50 mm Hg and FEV1 or FVC less than 50% predicted. All patients underwent right heart 
catheterization while sitting on a treadmill, allowing measurement of pulmonary artery pressure (PAP). Exercise was begun at a low level (two miles per hour and 4% 
grade) and PAP, cardiac output, and pulmonary capillary wedge pressure were measured. After a 45-minute rest period, patients exercised at four miles per hour and 
4% grade with repeat measurement of pulmonary vascular response and cardiac output. Patients were separated on the basis of PVR: Group A had maximum 
exercise PVR of less than 190 dynes-sec-cm–5 and Group B had PVR of over 190 dynes-sec-cm.–5 Thirty of the patients underwent lung resection. Five patients died 
(all with exercise PVR over 190 dynes-sec-cm–5). Four of these were in the Group A, with better pulmonary function. The authors concluded that a PVR with exercise 
over 190 dynes-sec-cm–5 were at high risk for lung surgery. However, seven of the 25 surviving patients also had an exercise PVR over 190 dynes-sec-cm–5 and 
would have been denied surgery. This study confirms the limitation of simple measures of pulmonary function in predicting postthoracotomy outcome and suggests a 
possible role for the assessment of the pulmonary vasculature during exercise. An absolute criterion for rejecting a patient from lung resection remains unsettled.



Olsen and colleagues85 studied 52 elderly men with COPD and a lung mass. Pulmonary function tests at rest and radionuclide scanning were performed and a high 
risk for lung resection confirmed (FEV1 of under 2 L, MVV less than 50% predicted). All underwent exercise seated on a bicycle ergometer with a pulmonary artery 
catheter in place. Exercise was performed at 25 watts for two to four minutes while data (cardiac function, pulmonary vascular resistance and pressures, VO 2 and 
oxygen delivery) were collected. After a rest period, exercise was repeated at 40 watts, with similar data collected. Patients were approved for pneumonectomy or 
lobectomy if ppoFEV1 was over 0.8 L and PVR at the highest workload was less than 190 dynes-sec-cm–5. Twenty-nine patients underwent surgery (eight 
pneumonectomies, 13 lobectomies, seven wedge resections and one bronchoscopy), with seven dying within 60 days or needing prolonged (over 30 days) 
mechanical ventilation (“intolerant of surgery”). The parameters found to be predictive of “intolerance” included: low cardiac index, low oxygen delivery, and low VO 2 
(see below). The study suggested that a deficit in oxygen transport may be predictive of surgical complications. Clearly, the invasiveness of this protocol limits 
widespread applicability of the technique. As with other cumbersome modalities, it may have a role in particularly difficult cases.

On the other hand, Bolliger and colleagues examined five patients with severe COPD using both maximal exercise testing (see below) and rest and exercise 
pulmonary hemodynamic measurements.86 Using traditional exclusions based on hemodynamic measurements would have excluded four patients from surgery, 
although all patients were able to tolerate resection with little postoperative difficulty. Similarly, Ribas and colleagues were unable to find clinically useful 
hemodynamic measurements at rest or during exercise which predicted postoperative outcome in a group of 46 patients undergoing thoracotomy. 61

Tests of Aerobic Capacity

The most recent exercise measurement to achieve some degree of popularity is the measure of aerobic capacity. The analysis of expired gases allows the calculation 
of aerobic capacity as defined by maximum achieved VO2 (VO2max). This is a sensitive parameter which can reflect limitation in any component involved in the 
response to exercise (cardiac, pulmonary, vascular, and peripheral muscles). Conflicting data have been published regarding the value of VO 2max measurements in 
the preoperative assessment of the lung resection candidate ( Table 36.2).

Eugene and associates87 reported the results of VO2max measurement in 19 patients prior to pulmonary resection (six pneumonectomies, 12 lobectomies, one 
segmentectomy). Three patients died from cardiopulmonary failure. Pulmonary function studies did not identify this group preoperatively. Of patients who achieved a 
VO2max of less than 1 L per minute, three died, while none who achieved a VO 2max of over 1 L per minute died (p = 0.004). Smith and colleagues 88 supported the use of 
VO2max measurements in a study of 23 patients scheduled for thoracotomy who were prospectively evaluated with incremental exercise testing. Pulmonary function 
tests and radionuclide scanning were performed in all. Eleven of the patients had no cardiopulmonary complications postoperatively. The only preoperative value 
separating the 11 patients who suffered complications postoperatively from those who did not was VO 2max (22.4 mL per kg per minute in those without complications 
versus 14.9 mL per kg per minute in those with complications). Only one of ten with a VO 2max greater than 20 mL per kg per minute had a complication compared to all 
six with a VO2max of less than 15 mL per kg per minute.

A similar study was published by Bechard and Wetstein in 1987 89 of 50 consecutive patients studied with pulmonary function testing and incremental exercise testing. 
A criterion for FEV1 as shown in Table 36.1 was used to determine suitability for resection. There were ten pneumonectomies, 28 lobectomies, and 12 wedge 
resections. Seven patients suffered cardiopulmonary complications within 30 days of surgery. Pulmonary function tests did not separate these seven patients from the 
43 who did not suffer cardiopulmonary complications. A significant difference was seen in VO 2max (17 mL per kg per minute for those without complications versus 9.95 
mL per kg per minute for those with complications). This difference extended across all types of pulmonary resection. The authors reported no complications in those 
with a VO2max of over 20 mL per kg per minute. There was a 71% complication rate in those with a VO 2max of less 10 mL per kg per minute. Those with a VO2max 
between 10 and 20 mL per kg per minute had a complication rate of 10.3%. The study by Holden and colleagues 60 supports this conclusion. Both patients with a 
VO2max under 10 mL per kg per minute died postoperatively, while only one of eight with a VO 2max over 10 mL per kg per minute died (this patient died of lung 
metastases after hospital discharge and not as a result of postoperative complications).

Miyoshi and colleagues90 studied 33 lung cancer patients with spirometry, DLCO measurement, and an incremental exercise test. Cycle ergometry workload was 
increased at three-minute increments with arterial lactate level measured during the last 30 seconds of each workload. Complications occurred in 45% of the patients. 
FEV1 corrected for body surface area (BSA), FEV1/FVC, DLCO, and MVV/BSA were different between those with complications and those without. No difference was 
seen in those parameters between those surviving and those who died (n = 4). When VO 2/BSA was examined at a submaximal lactate level of 20 mg per dL, this 
parameter did differ between surviving and deceased patients. A follow-up study by the same group 91 of 31 lung cancer patients supported parameters during 
exercise testing as the best predictors of fatal versus nonfatal complications. Data relating to oxygen delivery (O 2D = blood O2 content times cardiac output) per BSA 
showed that an O2D per BSA of under 500 mL per minute per m2 at a lactate of 20 mg per dL was seen in all patients who died, and greater than this value in all who 
survived. The authors suggested that: (a) an exercise test be considered in all those patients with borderline “performance status”; (b) if VO 2 per BSAlac20 is over 400 
mL per minute per m2, thoracotomy should be safe; and (c) if VO2 per BSAlac20 is below this level, then O 2D per BSAlac20 should be measured and if it is over 560 mL 
per minute per m2, thoracotomy should be safe. These results support the earlier data of Olsen and colleagues. 85 Confirmation of these data is required in a larger 
prospective study. Due to the expense and cumbersome nature of the testing, it would likely find applicability in a small, select group of patients felt to be at high risk 
for postoperative respiratory failure or perioperative morbidity on the basis of screening studies.

Morice and associates92 reported results in 37 patients at high risk for resection due to an FEV 1 of less than or equal to 40% predicted, a ppoFEV 1 of less than or 
equal to 33% predicted or a paCO 2 of over or equal to 45 mm Hg. All underwent incremental exercise testing and surgery was offered if VO 2max was greater than 15 
mL per kg per minute. Eight patients underwent resection (three lobectomy, one bilobectomy and four wedge resections). Six of these eight had an uncomplicated 
postoperative course. Two had complications but did not die as a result of surgery or postoperative complications. This small study suggests that VO 2 measurements 
may indeed have a role in the evaluation of those patients felt unresectable by standard pulmonary function criteria. This same group reported similar results in a 
prospective series of 66 patients felt to be at high risk for pulmonary complications. 93 Twenty patients achieved a maximal VO2 of over 15 mL per kg per minute and 
underwent surgical resection with no mortality and a complication rate of 40%. Five patients with a maximal VO 2 of under 15 mL per kg per minute underwent 
resection, with one death. Thirty-four patients with a low maximal VO2 and seven who declined surgery were treated with chemotherapy or radiation therapy. The 
median duration of survival was 48 months in the surgically treated patients and 17 months in the nonsurgical patients. The authors concluded that surgical resection 
is feasible in patients with severe pulmonary function abnormality, and that survival is improved with surgical therapy in this group. In a small series of five patients at 
high risk for resection, a VO2max of over 69% predicted allowed a safe lobectomy. 86

Bolliger and colleagues described a consecutive series of 80 patients undergoing preoperative exercise testing. 94 These investigators confirmed that the VO 2max was 
the best predictor of postoperative complications. Furthermore, receiver operating characteristic analysis suggested that the percent predicted VO 2max was significantly 
more sensitive than absolute values in mL per kg per minute. The probability of suffering no postoperative complication was 90% if the VO 2max was greater than 75% 
predicted, and was 10% if the VO2max was less than 43% predicted. A value of less than 60% predicted proved to be prohibitive in resections of more than one lobe. In 
a subsequent study by the same group, a 100% mortality was noted in those patients with a scintigraphically estimated ppoVO 2max under 10 mL per kg per minute.58 
Pate and colleagues noted a threshold of over 10 mL per kg per minute as the best predictor of successful outcome in their prospective study of 12 patients at high 
risk for thoracic resection. 78 Torchio and associates examined maximal exercise testing in 54 patients with mild to moderate COPD before lung resection. 95 Only one 
patient with a maximal VO2 of over 20 mL per kg per minute suffered severe complications, while 11 of 26 patients with a maximal VO 2 under 20 mL per kg per minute 
suffered such complications. Interestingly, all 11 of these latter patients had an anaerobic threshold of less than or equal to 14.5 mL per kg per minute. Further data 
are required to confirm the value of the anaerobic threshold as a predictor of postoperative complications.

Not all studies support these concepts, however. In 1982, Colman and colleagues 96 studied 59 consecutive patients with suspected lung cancer. All underwent 
pulmonary function testing, two-flight stair climb, and progressive, symptom-limited bicycle ergometry with measurement of VO 2max. A logistic regression model was 
used to test whether VO2max could predict postoperative complications ( all complications, including technical ones such as blood loss or wound infection). FEV 1 and 
FVC were weakly predictive, whereas VO2max was not. It is unclear if physiologic assessment should be used to predict technical postoperative complications, 
however. As such, this negative conclusion should be interpreted with caution. Similarly the study by Markos and colleagues 34 described earlier showed no difference 
in VO2max between those patients suffering and those not suffering postoperative complications. Boysen and associates 97 studied 17 patients preoperatively with 
incremental exercise testing. No significant difference was seen in exercise parameters between patients with and without cardiopulmonary complications after lung 



resection. The study was limited by only two patients experiencing such complications, however. Pierce and associates were unable to identify a clear threshold value 
of VO2max which predicted postsurgical complications. 36 Most recently, Wang and colleagues examined preoperative pulmonary function testing and maximal exercise 
testing in 40 patients undergoing lung resection. 33 No difference was seen in maximal VO2 between those patients experiencing postoperative complications (16.3 mL 
per kg per minute) and those not experiencing such complications (17.8 mL per kg per minute). The differences in the results of these studies include different patient 
groups, and widely varying definitions of post surgical complications and exercise formats.

A study by Epstein and colleagues 98 adds an interesting twist. These investigators analyzed the findings in 42 patients considered for lung resection. All subjects had 
detailed analysis of cardiac risk factors (adapted from Goldman and colleagues 99) as well as pulmonary factors (obesity, productive cough, wheezing, tobacco use, 
ratio of FEV1/FVC of under 70%, paCO2 over 45 mm Hg). A cardiopulmonary risk index (CPRI) was generated, ranging from 1 to 10 points. All subjects had 
pulmonary function testing, radionuclide scanning when appropriate, DLCO measurement, and a symptom-limited exercise test with expired gas analysis. Fourteen 
patients suffered at least one postoperative cardiopulmonary complication. When stratified by VO 2max of over 15 mL per kg per minute, no significant difference was 
seen between those suffering complications and those not suffering a complication. When corrected for BSA (VO 2 per BSA), a VO2max per BSA of under 500 mL per 
m2 was predictive of pulmonary and total complications. Patients with a CPRI of more than or equal to 4 were 22 times more likely to develop a complication. This 
level of CPRI was also associated with a lower VO2max. With multiple logistic regression analysis, VO 2max was not an independent predictor of postoperative 
complications. Although the study supports the value of VO 2max measurement, clinical assessment with generation of a CPRI was able to predict high-risk patients. In a 
subsequent study from the same group, the value of the CPRI was confirmed, although the inability to perform bicycle ergometry also predicted postoperative 
complications.100

A unique variation of this exercise format was described by Pierce and colleagues 101 in 1986. In six high-risk patients (based on parameters shown in Table 36.1) 
incremental exercise on a bicycle ergometer was performed with expired gas analysis. A subsequent steady-state exercise study was performed with bronchoscopic 
occlusion (during exercise) of the segments felt involved by tumor and likely needing resection. If the patient was able to tolerate exercise while the appropriate 
bronchus was occluded, he underwent pulmonary resection. Five of the six patients tolerated resection well, with the sixth suffering an early postoperative death (this 
patient had the lowest VO2max, 13 mL per kg per minute). The format of this exercise study is creative but obviously limited by the level of complexity required.

SIMULTANEOUS LUNG VOLUME REDUCTION SURGERY AND CANCER RESECTION

The resurgence of lung volume reduction surgery (LVRS) has provided a potentially valuable surgical approach to improving short-term lung function and exercise 
capacity in selected patients with advanced emphysema after unilateral 102 and bilateral 103 reduction procedures. Although controversial, patients with severe airflow 
obstruction, hyperinflation, and heterogeneous emphysema with surgical target areas appear to be better candidates for surgical volume reduction. 104 Several groups 
have reported short-term results of combined LVRS and resection of suspected lung cancer, as reviewed in Table 36.3.

TABLE 36.3. REPORTS OF COMBINED LUNG VOLUME REDUCTION SURGERY (LVRS) AND RESECTION OF A PULMONARY NODULE

McKenna and colleagues have reported the largest series, with 51 patients undergoing resection of 53 lung masses (11 NSCLC, and 42 benign lung masses). 4 Of the 
11 lung cancers, three were specifically referred to this group for combined LVRS and cancer resection, while seven were found during evaluation for LVRS, and in 
one it represented an incidental pathologic finding. The mean preoperative FEV 1 was 21% of predicted, with all patients considered inoperable by all criteria 
described earlier. No operative deaths were reported despite lobectomy in four patients, while short-term improvement in lung function was reported in most patients.

Pigula and colleagues described ten patients undergoing simultaneous LVRS and wedge resections of malignant nodules. 105 As enumerated in Table 36.3, the mean 
FEV1 of 25% predicted would have resulted in denial of standard thoracic resection procedures. Data from our center confirms these findings, as we have recently 
described successful combined LVRS and nodule resection in a group of 11 patients with severe emphysema (preoperative FEV 1 26% of predicted).5 All underwent 
successful wedge resection, with a mean length of stay (7.55 days) similar to a matched control group undergoing lobectomy (8.81 days). Minor postoperative 
complications occurred in two COPD patients and three control patients. Figure 36.2A illustrates the improvement noted in spirometry before and after surgery, while 
Figure 36.2B demonstrates significant baseline dyspnea in most patients, and improvements after surgery.

FIGURE 36.2. A: A comparison of FEV1 and FVC as percent of predicted values before and after simultaneous lung volume reduction surgery (LVRS) and nodule 
resection in 11 patients with severe emphysema. B: Dyspnea at baseline (BDI) versus transitional dyspnea index (TDI) after simultaneous LVRS and nodule resection 
in 11 patients with severe emphysema. In most patients baseline dyspnea was severe and significant improvement occurred after surgery. (From Ojo TC, Martinez FJ, 
Paine III R et al. Lung volume reduction surgery alters management of pulmonary nodes in patients with severe COPD. Chest 1997;112:1494, with permission.)

The importance of these findings is highlighted by the report of Hazelrigg and associates, who described the finding of at least on lung nodule in 39.5% of 281 
patients prospectively evaluated for LVRS. 106 Of these 111 patients with nodules, 52 were felt to have benign lesions by radiographic imaging. Of the remaining 
nodules, 78 were resected, with 17 being cancerous lesions. Interestingly, of the neoplastic lesions, three were identified by CT only, five by both chest radiograph 
and CT, four in the operating room (not seen radiographically), and five incidentally by the pathologist. The overall incidence of cancer was 6.4%.

DeRose and colleagues confirmed these findings in 14 patients successfully undergoing combined LVRS and resection of solitary pulmonary nodules. 107 DeMeester 
and associates108 extended these findings by performing an anatomic lobectomy in a small group (n = 5) of patients with severe emphysema (mean FEV 1 30% of 
predicted). Importantly, all patients demonstrated short-term physiologic and functional improvement. As such, in some patients with otherwise prohibitive pulmonary 



function, consideration of simultaneous LVRS may be appropriate.

CONSIDERATIONS FOR SURGICAL THERAPY: A RATIONAL APPROACH

Since our approach to the patient with NSCLC emphasizes surgical therapy, much of the preoperative evaluation is aimed at identifying those patients in whom the 
risk of postoperative respiratory failure is excessive. The possibility of perioperative morbidity is considered as secondary. This is particularly so as most of the above 
studies did not incorporate recent advancements in postoperative care. For example, extrapleural intercostal blocks in a recent study 109 led to a marked improvement 
in immediate postoperative FEV1 (an average of 40% higher) than with saline injection (as a placebo). Similarly, Richardson and colleagues noted improved pain relief 
and preservation of postoperative pulmonary function in a group treated with preincisional pain prophylaxis and postoperative, continuous, extrapleural, intercostal 
nerve block and nonsteroidal anti-inflammatory agents. 110 These approaches, among other recent innovations described by Boysen, 111 may allow a much more rapid 
improvement in pulmonary function and secretion clearance in the early postoperative period, which is the highest-risk period for cardiopulmonary complications. 11 As 
such, current and future studies should show a lower cardiopulmonary complication rate. Nevertheless some patients will always have an increased risk from 
thoracotomy due to markedly abnormal pulmonary function. It is in identifying these patients that pulmonary function studies will retain a prominent role in the 
preoperative assessment of the lung resection candidate.

An algorithmic approach has recently been suggested by Marshall and Olsen 11 for an approach to the thoracic resection candidate. We have adapted these in our 
center, as illustrated in Figure 36.3. It is evident that all patients should have measures of FEV 1, FVC, and DLCO. Those with values greater than 60% predicted 
should tolerate resection, although if functional status is particularly low (as in unusually decreased exercise capacity) there may be an increased risk of complications 
and further testing, including exercise testing, may be required. 91 In those patients with screening studies showing function below 60%, predicted radionuclide studies 
are used to estimate postoperative spirometric function and DLCO. Predicted postoperative function over 40% of predicted generally indicates acceptable risk with a 
similar caution as mentioned above. Predicted postoperative values below 40% of predicted certainly suggest a greater risk and warrant further evaluation. Exercise 
testing should be quite useful in this setting. A VO 2max greater than 15 mL per kg per minute is felt to reflect a lower risk, with VO 2max greater than 20 mL per kg per 
minute reflecting the lowest risk. If expired gas analysis is not available, then the data of Pollock and colleagues 77 suggests that a stair climb of over three flights (18 
steps per flight) approximates this degree of metabolic load in patients with COPD. A cardiopulmonary exercise test provides more information than simple stair 
climbing, as it examines the ventilatory response (including gas exchange) and the cardiac response during exercise, and should be utilized first if available. Patients 
who cannot meet these criteria may still be candidates for resection but will require more complex study (exercise with bronchial occlusion or measurement of 
pulmonary vascular function with exercise). As further prospective information becomes available, the CPRI of Epstein and colleagues 98 may become more widely 
used during the initial evaluation of a lung cancer patient. Given the poor long-term prognosis in NSCLC without surgery, all patients should be considered for surgical 
treatment if at all possible. This should include consideration of simultaneous lung volume reduction surgery and cancer resection.

FIGURE 36.3. Algorithm of the physiologic assessment of the lung volume resection candidate. DLCO, diffusing capacity for carbon monoxide; FEV 1, forced expiratory 
volume in one second; ppo, predicted postoperative VO 2; pred, predicted; VO2max, maximal oxygen uptake. (From Marshall MC, Olsen CN. The physiologic evaluation 
of the lung resection candidate. Clin Chest Med 1993;14:305, with permission.)

Bolliger and Perrucoud have proposed an alternate, although similar, algorithm which highlights the importance of cardiopulmonary exercise testing in the 
preoperative evaluation of patients considered for thoracic resection (see Figure 36.4). This group recently presented prospective application of this algorithm in 137 
consecutive patients with clinically resectable lesions. 1 Five patients were deemed inoperable, while 132 underwent resection. The postoperative complication rate 
was reduced from 20% in a previous publication94 to 11%, while the mortality decreased from 3.8% to 1.5%. Interestingly, the two patients who died achieved a 
maximal VO2 of under 10 mL per kg per minute. As such, the authors suggested modifying the algorithm demonstrated in Figure 36.4 by excluding patients with a 
VO2max under 10 mL per kg per minute regardless of the percent of predicted. These authors noted that an exercise test was easier to obtain and substantially cheaper 
than radionuclide imaging at their institution. Prospective comparison is required to define better the cost-effectiveness of routine exercise testing versus (or in 
addition to) estimation of postoperative pulmonary function. These algorithms will, it is hoped, minimize the risk of this approach and will continue to be modified as 
further data are published and simultaneous LVRS is incorporated into routine surgical practice.

FIGURE 36.4. Alternate proposed algorithm for the assessment of cardiorespiratory reserve in patients evaluated for lung resection. (From Bolliger CT, Perrucoud AP. 
Functional evaluation of the lung resection candidate. Eur Respir J 1998;11:198, with permission.)

GENERAL MEDICAL EVALUATION AND PREOPERATIVE RISK ASSESSMENT

There is considerable information available regarding the risk of medical morbidity and mortality after major surgical procedures. 112,113 and 114 Much of this literature has 
focused on the preoperative evaluation of patients prior to general surgical procedures such as laparotomy. However, it appears that much of this information is 
applicable to the patient undergoing pulmonary resection.

Obese patient have been felt to have an incidence of general, postoperative pulmonary complications ranging from 3.9% to 95%. 113 The increase in incidence of 
postoperative mortality is best established for abdominal surgery in morbidly obese patients (height to weight ratio in inches to pounds of less than or equal to 10.4). 
Data regarding risk in thoracotomy are scarce. Nevertheless, given the difficulties expected in intubating and mobilizing morbidly obese patients during operation, 115 it 
is intuitive that obesity should have a detrimental role on the postoperative course after thoracotomy.

Smoking clearly has an effect on postthoracotomy course, as it relates to underlying lung disease and will be discussed in great detail later. There are extensive data 



in coronary artery bypass grafting (CABG) that active smoking increases postoperative risk. Warner and colleagues 116 retrospectively reviewed the records of 500 
CABG patients at the Mayo Clinic over a two-year period. The amount, duration, and most recent extent of cigarette smoking were recorded, as were details of the 
postoperative course. Those patients with an over 20-pack-year history of smoking had an increased risk of postoperative complications compared with nonsmokers. 
The authors also noted that a statistically significant decrement in postoperative complications occurred only in patients who had stopped smoking over eight weeks 
prior to surgery (see below). Similar findings were reported by Bluman and associates, who noted an odds ratio for developing postoperative pulmonary complications 
of 5.5 compared to never-smokers.117 Reduction in smoking within one month of general surgery was not associated with a reduction in the risk of postoperative 
pulmonary complications. Although the data in these studies were not collected in patients undergoing pulmonary resection, it seems obvious that the results should 
be more impressive in this patient population, as the extent of postoperative physiologic abnormality is greater with lateral thoracotomy than other incisions.

Preexisting disease can certainly influence the postoperative course after any surgical procedure. Prior cardiac disease, in particular, has been investigated 
extensively. The screening for cardiac risk in the preoperative setting has been reviewed by Gerson. 118 Goldman and colleagues99 prospectively evaluated 1,001 
patients over the age of 40 undergoing noncardiac surgery (including 31 intrathoracic procedures). Using multivariate, discriminant analysis, they identified nine 
significant correlates of life-threatening or fatal cardiac complications. These included preoperative third heart sound or jugular venous distention; myocardial 
infarction within the six months prior to surgery; cardiac rhythm other than sinus or premature atrial complexes on the preoperative electrocardiogram; greater than 
five premature ventricular contractions at any time preoperatively; intraperitoneal, intrathoracic, or aortic operation; age of over 70 years; important aortic stenosis; 
emergency operation; or poor general medical condition. Using these criteria, a cardiac risk index was calculated which separated the patients into four risk classes. 
Ten of 19 postoperative cardiac deaths occurred in the 18 patients in the highest-risk group. This study has served as a foundation for many published subsequently. 
Of interest is that Mittman20 identified an inordinate risk for patients with an “abnormal” electrocardiogram prior to thoracic surgery, suggesting that these criteria 
should be applicable to those patients being considered for lung resection.

Gerson118 uses these criteria to separate patients by degree of cardiac risk. Those felt to be at highest risk should have objective documentation of cardiac function 
and aggressive preoperative and perioperative management. Those in the low-risk group should have little added cardiac risk. Those in the moderate-risk category 
(which includes all elderly patients undergoing thoracotomy) should be subjected to an exercise study, if possible (the format used by these authors will be described 
subsequently), or a dipyridamole thallium scan to assess functional coronary reserve. Although this approach has not been rigorously subjected to prospective 
evaluation in the lung resection candidate, it seems quite reasonable.

The American College of Cardiology has published an exhaustive guideline for perioperative cardiovascular evaluation and management of patients undergoing 
noncardiac surgery.119 This recommendation is based on an algorithmic approach to establishing cardiac risk, the need for preoperative cardiac evaluation, and 
modification of risk. 120 The initial steps determine the urgency of the proposed surgical procedure and the history of previous coronary revascularization or coronary 
evaluation. In those patients undergoing nonurgent surgery with no recent cardiac evaluation, risk is initially established on the basis of clinical predictors. Major 
clinical predictors include unstable coronary syndromes, decompensated congestive heart failure (CHF), significant arrhythmias, or severe valvular disease. These 
patients require specific management of these clinical predictors. Intermediate clinical predictors include mild angina pectoris, prior myocardial infarction, 
compensated or prior CHF, or diabetes mellitus. Further stratification in this group is based on exercise capacity and the surgical risk, with intrathoracic operations 
invoking an intermediate risk. Minor clinical predictors include advanced age, an abnormal EKG, a cardiac rhythm other than sinus, low functional capacity, history of 
stroke, or uncontrolled systemic hypertension. Further evaluation in these individuals is based on functional capacity and surgical risk, as in the previous group. 
Validation of this algorithm in thoracic resection is not available, although the principles are remarkably similar to the functional evaluation suggested in the previous 
section.

Although age has been noted by some to be an independent risk factor for cardiopulmonary complications (as by Goldman and colleagues 99) it is more controversial 
when examined in the thoracic surgery population. 115 Boushy and associates,21 for example, found a high mortality in patients over the age of 60 and impaired 
pulmonary function after lung resection. Berggren and colleagues 81 found an increased mortality in 82 patients over the age of 70 subjected to thoracotomy for 
bronchogenic carcinoma. They also felt that an aggressive preoperative assessment for cardiopulmonary risk could minimize this risk, however. Djokovic and 
Hedley-Whyte121 noted that 57% of elderly (over 80 years) patients undergoing thoracic surgery required controlled endotracheal ventilation for more than 24 hours 
postoperatively, compared with 2% of those undergoing surgery that did not enter the pleura or peritoneum. Contrary to these data, several authors have not found 
age to be an independent risk factor 121,122 and 124 and suggest that age should not be used in the absence of other contraindications to reject a patient from possible 
curative lung resection. With aggressive preoperative and perioperative management we do not routinely use age in excluding patients from surgical treatment.

Unfortunately, further data specifically addressing risk factors for thoracotomy are scant. Nagasaki and associates 126 reviewed the experience at the Memorial 
Sloan-Kettering Cancer Center from 1973 to 1980 (961 patients undergoing thoracotomy). They studied the effect of various preoperative factors including age, sex, 
cardiopulmonary status, and factors relating to the tumor and extent of surgery. They identified high risk factors as age (over 70 years), decreased cardiopulmonary 
function, and the need for more extensive pulmonary resection (pneumonectomy). In a similar review of 476 thoracotomies, Kohman and colleagues 127 examined 37 
factors (including age, weight, pulmonary factors, cardiac factors, and characteristics of the tumor and the extent of lung resection) in predicting postoperative 
mortality. They noted that the risk of postoperative death could not be predicted from the patient's preoperative status. Most recently, Epstein and colleagues 98 
formulated a cardiopulmonary risk index (CPRI) using the principles described by Goldman and associates. 99 In this fashion patients were assigned not only a 
cardiovascular risk index but also an index based on pulmonary risk factors (including obesity, smoking use, productive cough, wheezing, spirometric values, and an 
increase in paCO2). By combining both these indices into a CPRI (scores ranging from 1 to 10), they noted that a combined score above 4 was associated with a 
22-fold increase in the likelihood of pulmonary complications.

One can see that thoracotomy is associated with distinct physiologic changes in the postoperative pulmonary status. Cardiopulmonary complications can be 
commonly seen, particularly as many patients have underlying cardiac and/or pulmonary disease. Nevertheless, as surgery is the optimal treatment for NSCLCs, the 
physician should make every effort to consider a patient as resectable. In this context, a thorough preoperative medical evaluation may identify particular risk factors 
that can be modified (such as active smoking or heart disease). As most postoperative complications are pulmonary, detailed evaluation of pulmonary function is likely 
the most important aspect of the preoperative evaluation.

PERIOPERATIVE RESPIRATORY MANAGEMENT

Having determined that the patient with NSCLC is a candidate for potentially curative resectional surgery, based on a staging evaluation and a physiologic evaluation, 
the goal of pre- and postoperative respiratory management is to prevent postoperative respiratory morbidity. While these patients may succumb to a very wide variety 
of complications, many of these are independent of or only loosely related to the respiratory system. Wound dehiscence, perioperative myocardial infarction, and 
acute tubular necrosis are important sources of morbidity and mortality but are not respiratory complications that may be amenable to prevention by the application of 
appropriate pulmonary management. The focus of the current discussion is on the preventable respiratory complications that are common features of the 
postoperative course of patients who have undergone lung resection. These include clinically significant atelectasis, acute bronchitis, pneumonia, bronchospasm, 
respiratory failure, and pulmonary thromboemboli (Table 36.4).

TABLE 36.4. POSTOPERATIVE PULMONARY COMPLICATIONS



Because long-term cigarette use is the most important risk factor for carcinoma of the lung and for chronic obstructive pulmonary disease (COPD), it would be 
anticipated that chronic airflow obstruction is the most common pulmonary physiologic abnormality in patients with lung cancer. In fact several series found that the 
vast majority of patients presenting for resection of lung cancer had preoperative airflow obstruction. 11,128,129 Thus the focus of the discussion of respiratory 
management of patients undergoing pulmonary resection for carcinoma of the lung is on the patient with underlying COPD.

There is a strong physiologic relationship between COPD and most of the postoperative complications listed in Table 36.4. Individuals with chronic bronchitis produce 
increased quantities of respiratory secretions that are often colonized with pathogenic bacteria. 130 Diminished flow rates in patients with obstructive lung disease 
result in a less effective cough and impaired ability to expel secretions obstructing the airway lumen. These factors place the patient at risk for atelectasis with 
retained secretions, acute bronchitis, and pneumonia. Many individuals with COPD have nonspecific airway hyperactivity and may develop bronchospasm as a 
consequence of airways inflammation,131,132 further worsening their ability to clear secretions in addition to direct effects on gas exchange. To reduce these risks of 
pulmonary complications in patients with underlying COPD, the interventions described in the discussion that follows largely are aimed specifically at (a) reversing or 
minimizing airflow obstruction, and (b) minimizing retained secretions.

Smoking Cessation

In the face of both carcinoma of the lung and COPD, many patients who present for resectional surgery still are smoking cigarettes at the time of initial assessment. It 
has long been recognized that current smoking increases the risk of postoperative complications for many different surgical procedures. 133 There is a tendency to 
assume that smoking cessation preoperatively is a significant benefit in reducing the risk of postoperative pulmonary complications. In fact, many thoracic surgeons 
view smoking cessation as a requirement before patients can be allowed to undergo resectional surgery for lung carcinoma. There are reasons for this view. Cigarette 
smoke is a constant irritant and may promote inflammatory changes in the airways and contribute to excess mucous secretion, chronic bronchitis, and airways 
hyperactivity.134 At a cellular level, Chalon and associates found that cigarette smoking was correlated with airway epithelial injury and with increased risk of 
postoperative pulmonary complications.135 Current cigarette smokers also maintain significantly elevated levels of carboxyhemoglobin as high as 10%, thereby 
reducing oxygen transport and increasing the risk of ischemic cardiovascular or cerebrovascular insults during surgery. 136 Finally, smoking cessation may serve as an 
important indicator of the patient's willingness to be responsible for and participate in his or her own health care.

However, despite these observations, there is surprisingly little data that directly support this assumption. Warner and colleagues compared the time since last 
cigarette to the risk of significant pulmonary complications. 116,137 As anticipated, current smokers were at significantly increased risk compared to lifelong nonsmokers 
or to individuals who had stopped smoking more than eight weeks prior to surgery. Unfortunately, the rate of complications was actually slightly higher for those who 
had stopped smoking less than four weeks prior to surgery than for current smokers. This was recently confirmed by Bluman and associates. 117 The apparent benefit 
of eight weeks without smoking prior to surgery may be a reflection of continued inflammatory changes in the airways or of the period required to repair the chronically 
injured airway epithelium. The degree to which these observations can be extended to patients undergoing pulmonary resection is not clear.

We routinely insist that patients stop smoking prior to surgery for the theoretical reasons described above. Physicians in general do a rather poor job of counseling 
patients to stop smoking. In some series, as few as 25% of smokers reported having discussed smoking cessation with their primary care physician. 138 Emphasizing to 
the patient that the use of cigarettes is a major source of morbidity and mortality is the first step in helping the patient to stop this habit. However, it is clear that 
encouragement by the physician often is not sufficient to induce even a temporary respite, much less long-term abstinence. Additional aids, including patient-directed 
literature, videotapes, support groups, and pharmacological interventions such as nicotine transdermal patches and gums are available and potentially very helpful in 
reducing or stopping the patient's use of tobacco. 139,140 The balance between the time required for a patient to stop smoking and the potential benefit of a longer 
cigarette-free period prior to surgery, on the one hand, and the potential progression of the patient's tumor, on the other, must be determined in each individual case.

Pharmacological Therapy for COPD

While it had long been assumed that individuals with COPD have fixed abnormalities in airway resistance leading to irreversible airflow obstruction, there is 
considerable evidence that many of these patients do have a component of reversible airflow obstruction over and above their underlying, fixed abnormality. 131,141 
There are several pharmacological interventions that may potentially improve airflow obstruction by alleviating this reversible abnormality in patients undergoing 
pulmonary resection for bronchogenic carcinoma. While a detailed discussion of the pharmacology of each of these agents is beyond the scope of the present work, it 
will be useful to consider certain features related to the selection and use of agents in this group of patients.

Inhalation Therapy

Many of the drugs that are most useful for the treatment of airflow obstruction may be administered by the inhalation route. There are important advantages in taking 
this approach in contrast to systemic administration. 142 Specifically, there is excellent availability of the drug within the airways, with greatly decreased or no systemic 
side effects. Unfortunately, unless the drug is administered with proper technique, large amounts may be deposited in the oropharynx and upper airways, with a 
significant loss of therapeutic effect. 143 The most common means of delivering aerosolized drugs to the lungs is with a metered dose inhaler. With each activation, 
these canisters deliver a preset dose of drug as a stream of particles of uniform size optimal for deposition in the peripheral airways. For best effect, the patient must 
synchronize the activation of the canister with the initiation of a slow inspiration from functional residual capacity to total lung capacity, followed by a breath hold of up 
to ten seconds. Many authorities suggest that the metered dose inhaler be held several inches from the open mouth to decrease deposition in the oropharynx. This 
maneuver requires careful teaching with demonstrations to maximize patient compliance. There are a number of points at which many individuals, particularly those 
who are older or more dyspneic, may have difficulties. For this reason, devices such as tube spaces or chambers into which the cloud of drug is released prior to 
inhalation have been developed. These devices can significantly improve drug delivery and are of benefit for any individuals who have difficulty mastering the basic 
technique.143 Furthermore, several alternative preparations of b-agonists have recently been developed that place less stringent requirements on patient coordination. 
These include breath actuated inhalers (Maxair Autohaler) 144 and finely powdered preparations of drug that are inhaled directly from a holder and require no actuation 
(Ventolin rotohaler). 145 Finally, it is possible to give both b-agonists and anticholinergic agents using updraft nebulizers powered by an external compressed gas 
source. Due to a larger particle size that results in considerable upper airway deposition and the delivery of drug during expiration as well as inspiration, the use of 
nebulizers is a relatively inefficient approach to inhalation therapy. 143 However, in patients who are unable to use metered dose inhalers due to difficulties with 
coordination or severe dyspnea, they provide an important modality.

Beta-Adrenergic Agonists

b-agonists have long been the first line drug for the treatment of reversible airflow obstruction in asthma ( Table 36.5). They also have proven to be effective agents for 
many patients with increased airways resistance due to COPD.142,146 Binding to b2 selective adrenergic receptors in the small airways, these agents raise intracellular 
cAMP levels within airway smooth muscle cells and induce relaxation with reduced airflow obstruction. 147 When administered by inhalation, they have an excellent 
therapeutic index. At standard doses, modern agents such as albuterol and pirbuterol induce limited increases in cardiac rate and with rare instances of cardiac 
arrhythmias, even in older individuals with underlying cardiac disease. 142,148



TABLE 36.5. COMMERCIALLY AVAILABLEb-AGONISTS

In patients who demonstrate airflow obstruction by spirometry or who have had episodes of acute bronchitis with symptoms suggesting airflow obstruction, we institute 
therapy with a b2 selective agonist prior to pulmonary resectional surgery, even if the patient has not been using the drug previously. Therapy is then continued 
throughout the perioperative period. In selected individuals we then reassess the benefit of the b-agonist after the patient has recovered from surgery and returned 
home. We prefer to use metered dose inhalers (often with spacer devices) rather than updraft nebulizers for reasons of cost and convenience, even in the 
postoperative period, so long as the patient can manage to use the device with a technique adequate to insure delivery of the drug to the airways.

Anticholinergic agents

Anticholinergic drugs cause bronchodilation by blocking the bronchoconstricting effects of stimulation of parasympathetic nerves that are most abundant in the central 
and larger airways.149 Thus it is likely that these agents influence bronchomotor tone at a more proximal anatomic site than do b-adrenergic agonists. Anticholinergic 
agents are generally less potent than b-agonists in individuals with asthma, but are of particular benefit in patients with chronic bronchitis. 150,151 Ipratropium bromide is 
a quaternary derivative of atropine that is a potent anticholinergic agent. It is very poorly absorbed into the circulation from the airways, and thus has very few 
systemic effects when administered via inhalation. 150,152 Recent data have confirmed that the combination of ipratropium and a b-agonist results in greater clinical and 
physiologic improvement than the b-agonist alone. 153 Furthermore, the addition of ipratropium to a regimen of b-agonists has been demonstrated to result in fewer 
exacerbations and an improved treatment cost and cost-effectiveness.154 Although no data specific to the postoperative state exist, we encourage the use of 
ipratropium bromide at relatively high doses (such as three to four puffs four times daily) as well as a b-agonist beginning as soon as possible preoperatively in 
patients who have chronic airflow obstruction and are undergoing pulmonary resection. As with the b-agonists, the drug should be continued throughout the 
perioperative period, with emphasis on proper use of the metered dose inhaler. The potential benefits of long-term administration of ipratropium are then assessed 
after the patient has left the hospital, during outpatient follow-up. The recent development of long-acting b-agonists has improved the ability to provide bronchodilation 
in patients with COPD. Salmeterol xinafoate has demonstrated prolonged bronchodilation and improved breathlessness in patients with COPD. 155 The relative safety 
and simplicity of administration may make this class of agents the optimal b-agonists for this patient population.

Anti-Inflammatory Agents

Many individuals with airflow obstruction due to chronic bronchitis and emphysema have chronic inflammation of the bronchial wall. 156 This inflammatory process can 
result in superimposed bronchoconstriction, exacerbating the fixed abnormality of the underlying process. Inhaled corticosteroids can be effective agents for the 
reduction of mucosal inflammation in patients with asthma and in selected individuals with COPD. 142,157 When administered by inhalation, these drugs have very few 
side effects. They can induce coughing, a problem that can be largely alleviated by administering a b-agonist prior to the anti-inflammatory drug. Inhaled steroids can 
cause oral thrust and modest changes in phonation. 158,159 Recent data suggest that inhaled fluticasone may improve pulmonary function and clinical symptoms and 
decrease the incidence of exacerbations in patients with COPD. 160 Similar results have been suggested with long-term use of this agent, 161 although inhaled 
budesonide does not appear to provide the same benefit. 162 This may reflect differences in the patient groups studied, however. 161 On the basis of these data, we opt 
to begin therapy preoperatively in selected individuals based on their clinical history and results of spirometry. In particular, individuals who have coughing or 
wheezing in response to specific allergens, cold air, or exercise may well benefit from the addition of inhaled steroids to their bronchodilator regimen. Similarly, 
patients with significant variability in their spirometry, especially those with over 10% improvement in FEV 1 after the administration of an inhaled b-agonist, are good 
candidates for a trial of inhaled corticosteroids or cromolyn. 163 For maximum benefit, inhaled steroids should be used at relatively high doses initially and tapered to 
lower maintenance doses after several weeks. We continue these agents in the postoperative period after the patient no longer requires mechanical ventilation, and 
we assess the potential benefit of continued therapy as an outpatient.

Approximately 10% of stable patients with airflow obstruction due to COPD will have a statistically significant improvement in spirometry after a course of systemic 
corticosteroids.164 Patients who have evidence of significant reversible obstruction, as indicated by improvement in spirometry after the use of an inhaled b-agonist, 
may be more likely to show physiologic benefit from a trial of steroids than are patients whose spirometric abnormality appears to be fixed. 165 However, the chronic 
inflammatory changes that have developed over months to years may improve only over a more extended period, with little initial response to a single dose of a 
bronchodilator. Therefore, in patients with marginal pulmonary function or in individuals with very labile pulmonary function despite aggressive therapy with 
bronchodilators and inhaled corticosteroids, we will often give a trial of prednisone therapy, 40 mg daily for up to two weeks, and then repeat spirometry. If this trial 
results in clinically significant improvement in FEV 1, the prednisone then is tapered, while inhaled corticosteroids are continued at high doses. The benefits of any 
improvement in pulmonary function must be weighed against the important risks of difficulties with wound healing and postoperative infection. In general, we hope to 
have patients on at most low-dose prednisone (approximately 10 mg per day) at the time of surgery. Occasional patients who develop acute exacerbation of bronchitis 
without pneumonia postoperatively may require short courses of systemic steroids as well.

Methylxanthines

While theophylline preparations were previously considered first-line agents for patients with airflow obstruction of all sorts, these drugs have largely fallen out of 
favor in recent years. They are less potent bronchodilators than inhaled b-agonists and have a very low therapeutic index. 142,147 Potentially life-threatening side 
effects, including cardiac arrhythmias and seizures, can occur at serum levels only modestly higher than the traditional therapeutic range. 166 This problem is worsened 
by the highly variable hepatic metabolism of theophylline, which can result in wide fluctuations in serum levels despite a constant daily dose. However, there are 
arguments to suggest that theophylline may yet have a role in selected patients. 166,167 In addition to the fact that occasional patients have impressive symptomatic 
improvement with the drug, especially those troubled by nocturnal awakenings due to dyspnea, theophylline has been shown to enhance both strength and endurance 
of diaphragmatic muscle.168,169 If theophylline is used in the perioperative period for the patient undergoing pulmonary resection for lung carcinoma, serum levels must 
be monitored closely. The target level should be 10 mg per dL, and levels of greater than 15 mg per dL are to be carefully avoided. The physician must be aware of 
and adjust the dose accordingly in patients in whom hepatic metabolism of theophylline will be reduced, including those with hepatic dysfunction or congestive heart 
failure, and patients receiving drugs such as erythromycin, ciprofloxacin, or cimetidine that inhibit the hepatic P450 system. 147

Antibiotics

All patients who are being assessed for thoracic surgery should be questioned regarding cough and sputum. Of particular importance are the volume and 
characteristics of the sputum.169 Individuals who are producing sputum with any purulence should be treated with a seven to ten day course of oral antibiotics prior to 
surgery. In this circumstance, the therapy is generally empiric; there is no evidence to suggest that there is benefit from routine sputum culture to determine bacterial 
species and antibiotic resistance. Amoxicillin or ampicillin (250 mg three times daily or four times daily, respectively), trimethoprim/sulfamethoxazole (one 
double-strength tablet twice daily), or doxycycline have all been considered appropriate choices. These antibiotics cover the most common bacterial flora in patients 
with chronic bronchitis ( Streptococcus pneumoniae, Haemophilus influenzae, Moraxella catarrhalis)130,170 and are well tolerated and inexpensive. 171

Recent data have suggested different bacterial flora in patients with more severe disease, however. In a prospective study of 211 patients admitted to the hospital 
with an exacerbation, Eller and colleagues performed detailed studies to identify pathogens 172 and characterized the patients by performing spirometry at the time of 
discharge. Those patients with more severe airflow obstruction (FEV 1 under 50% of predicted) were more likely to have infections caused by enteric gram-negative 
rods. In addition, in a prospective study of 471 patients with chronic obstructive pulmonary disease, Ball and associates examined the features which predicted a high 
likelihood of failure to recover during the treatment of an exacerbation. 173 The only factors predicting failure to recover from an exacerbation included coexisting 
cardiopulmonary disease and the number of chest infections during the preceding 12 months. As such, recent recommendations suggest treating younger individuals 
with less severe disease and infrequent exacerbations with first-line antibiotics (amoxicillin, trimethoprim/sulfa-methoxazole, or doxycycline), while older patients with 
more severe disease or frequent exacerbations should be treated with a second-line agent (newer macrolide or fluoroquinolone). 174 Recent data support the above 
concepts as cost-effective. Grossman and colleagues randomized a total of 240 adult patients with a type I or II exacerbation and history of frequent exacerbations 
over the previous year.175 Patients received the fluoroquinolone ciprofloxacin or non-fluoroquinolone antibiotics. Assessments included symptoms, all medications 
used, adverse events, hospitalizations, outpatient health care utilization, and health-related quality of life. Cost-effectiveness of ciprofloxacin use was demonstrated in 
older patients (age over 56), those with more severe or long-standing disease (over ten years), more frequent exacerbations (more than four per year) or more 



comorbid conditions (over three comorbidities). As such, the choice of antibiotic should be individualized to the patient.

Respiratory Physiotherapy

Following the induction of general anesthesia for a surgical procedure, there is a rapid decrease in functional residual capacity. 176 Even in individuals whose 
preoperative lung is normal, this decrement in lung volume results in atelectasis in dependent zones. These atelectatic regions can be detected on CT scans through 
the thorax performed within minutes after the induction of anesthesia, and result in significant increase in intrapulmonary shunting. 177,178 In the postoperative period, 
functional residual capacity is assaulted by many different factors, including pain that causes splinting and diminished inspiratory effort, diaphragmatic dysfunction, 
prolonged supine position, and clouded sensorium due to narcotics. In addition to these general considerations, patients who have undergone a thoracic surgical 
procedure may have an incision through accessory muscles of respiration, pain with respiration due to irritation of the pleura, and more severe atelectasis of portions 
of the dependent lung if a lateral incision has been used. 111 Together, these factors greatly diminish pulmonary compliance and promote atelectasis. 6,177 Atelectasis in 
turn places the patient at risk for bronchitis, pneumonia, or respiratory failure. A major goal in the perioperative management of patients undergoing pulmonary 
resection for bronchogenic carcinoma is the reversal of these physiologic derangements and the attendant reduction in the risk of postoperative respiratory 
complications.

Several different physiologic and mechanical techniques have been used in an attempt to prevent or correct alveolar collapse after surgery. Early approaches often 
emphasized forced expiratory maneuvers with the use of “blow bottles” or balloons. These devices encouraged the patient to make repeated and sustained forced 
expiratory efforts. In retrospect, it is clear that Valsalva maneuvers can cause compression of airways due to increased intrathoracic pressure and in fact may be 
counterproductive in the postoperative period. 179

The recognition that general anesthesia and surgery consistently cause a reduction in functional residual capacity led to the use of methods that focused not on 
expiration, but on inspiration, in hopes of returning lung volumes towards normal. Available measures include supervised cough and deep-breathing exercises (CDB), 
incentive spirometry, intermittent positive pressure breathing (IPPB), and constant positive airway pressure (CPAP) delivered by face mask. In CDB and incentive 
spirometry the immediate goal is to encourage repeated and sustained maximal inspiratory efforts and thereby prevent alveolar collapse and recruit atelectatic lung 
units.179,180 and 181 They thus require active participation on the part of the patient. IPPB and CPAP devices use positive airway pressure to increase functional residual 
capacity.182,183 and 184 The patient may play a more passive role when using these devices than with CDB or incentive spirometry.

The benefits of these different approaches to lung expansion have not been assessed in trials using patients who have undergone pulmonary resection. However, 
several prospective studies have evaluated these measures in patients who have undergone upper abdominal surgery. Morran and colleagues evaluated the efficacy 
of routine postoperative chest physiotherapy compared to no prophylactic physiotherapy in 102 patients undergoing upper abdominal surgery. 185 In this randomized 
trial, the incidence of postoperative pulmonary infections was reduced significantly in the group that received prophylactic physiotherapy, compared to the control 
group (seven of 51 versus 19 of 51). Celli and colleagues 182 prospectively randomized 172 patients undergoing upper abdominal surgery into four treatment groups: 
CDB, incentive spirometry, IPPB, and control patients who received no specific prophylactic therapy. Pulmonary complications were significantly reduced for patients 
receiving any of the three prophylactic treatment regimens, compared to the controls. Of note was that the rate of complications was virtually identical for all three 
treatment groups. There was also a trend towards decreased length of stay in the prophylactically treated groups, although this achieved statistical significance only 
for the patients treated with incentive spirometry. These randomized studies support the widely held belief, shared by surgeons, anesthesiologists, and 
pulmonologists, that postoperative respiratory measures to promote lung expansion can reduce the risk of pulmonary complications.

Several studies have compared the relative benefits of specific approaches to prophylactic respiratory care. Celli and colleagues 182 found that IPPB was associated 
with increased patient discomfort and, as noted above, found no benefit of IPPB compared to either CDB or incentive spirometry. Similarly, Oikkonen and associates 
found no advantage to IPPB compared to incentive spirometry in a study involving 52 patients undergoing coronary artery bypass grafting. 186 In an early direct 
comparison of incentive spirometry with routine chest physiotherapy in 70 patients undergoing upper abdominal surgery, Craven and colleagues 187 found that use of 
the incentive spirometer was associated with a reduced rate of pulmonary complications and increased number of patients with no postoperative abnormality. 
However, in this study the intensity of treatment in the incentive spirometer group was considerably greater than for the chest physiotherapy group. More recently, Hall 
and associates188 used a large prospective trial of 876 patients undergoing laparotomy to compare the prophylactic benefit of incentive spirometry to that of routine 
chest physiotherapy. The rate of overall pulmonary complications, of specific complications, and the length of stay were not different between the groups.

Both incentive spirometry and CDB techniques are very dependent upon patient cooperation for maximum benefit. Because CPAP has been used to increase 
functional residual capacity and improve gas exchange in patients with reduced pulmonary compliance due to lung injury, 189 it has been suggested that the application 
of this intervention prophylactically in the postoperative period might reduce pulmonary complications with diminished dependence on patient effort. When applied for 
12 hours after extubation in patients who had undergone aortocoronary bypass surgery, nasal CPAP improved gas exchange but did not affect the incidence of 
pulmonary complications, including atelectasis, throughout the postoperative course. 190 Stock and colleagues184 directly compared CPAP, incentive spirometry, and 
CDB in a prospective, randomized study involving 65 patients undergoing upper abdominal surgery. CPAP was delivered by face mask at 7.5 cm H 2O for 15 minutes 
every two hours. Functional residual capacity decreased in all three groups postoperatively, compared to baseline values. The rate of recovery of functional residual 
capacity was faster in the CPAP group than with incentive spirometry or CDB; however, this difference was apparent only if values were normalized to the 
postoperative nadir, not the preoperative baseline. Furthermore, the rate of postoperative pulmonary complications was low in all three groups, with no differences 
between modalities. Based on this information, these authors concluded that CPAP may be of equal benefit to incentive spirometry or CDB. However, until more 
extensive controlled trials are performed to assess adequately the impact of CPAP on the rate of clinically significant complications, it is difficult to assess its proper 
role in the prevention of postoperative pulmonary complications. 191

Bilevel positive airway pressure (BiPAP) is a recently developed technique that shows great promise in the treatment of acute respiratory failure during exacerbations 
of COPD. The BiPAP machine delivers gas at a set pressure throughout inspiration (providing an inspiratory assist), with a lower level of pressure during the 
expiratory phase of the ventilatory cycle. Unlike IPPB, the patient determines the flow rates, the duration of the respiratory cycle, and the tidal volume. BiPAP may be 
delivered by a variety of nasal masks or by a full face mask. In the patient with COPD who has significant respiratory muscle fatigue in the setting of an exacerbation 
of his or her underlying lung disease (but who does not emergently require intubation and mechanical ventilation), periods of BiPAP ventilation may reduce the work 
of breathing, improve gas exchange, and prevent the progression to more severe respiratory failure. 192 In a randomized study of 85 patients with acute exacerbations 
of COPD, patients treated with BiPAP had a lower rate of intubation (26% versus 74%) and lower in-hospital mortality (9% versus 29%) compared to patients who 
received standard therapy only. Patients who required emergent intubation in the emergency department were excluded from the study. This study suggests that 
elective BiPAP ventilation may improve respiratory muscle function and gas exchange in patients experiencing an acute exacerbation of COPD. 193 Patients with 
marginal respiratory reserve who undergo lobectomy for the treatment of lung carcinoma may have a disproportionate decline in pulmonary function during the early 
postoperative period, with increased work of breathing and limitation of ventilatory capacity. In selected patients, the early application of BiPAP therapy may avoid 
progression to respiratory failure and provide a temporary support to allow time for improvement in pulmonary mechanics.

Several important conclusions can be drawn regarding the use of respiratory therapy in the perioperative period. There are few data from randomized studies 
involving patients undergoing thoracotomy for pulmonary resection; however, physiologic considerations suggest that information derived from studies of patients 
undergoing upper abdominal surgery or coronary artery bypass grafting are quite likely to be applicable to patients undergoing pulmonary resection as well. It is clear 
that the use of some form of respiratory therapy is of benefit in reducing the incidence of postoperative pulmonary complications and, potentially, length of hospital 
stay. This principle is now almost universally accepted. 194 It also is likely that maximum benefit can be achieved if patient education is begun and respiratory care is 
initiated prior to surgery, before incisional pain and an impaired sensorium due to narcotics interfere with patient participation in the therapy. 195 As long ago as 1954, 
Thorens195 presented information suggesting that therapy initiated prior to surgery was more effective in reducing pulmonary complications than therapy begun 
postoperatively.

There is little information to suggest that one particular modality is clearly superior to others in terms of the risk of postoperative complications. The critical factor 
appears to be the use of some form of therapy. Because IPPB is cumbersome, expensive, and has no advantages over simpler interventions, it has largely fallen out 
of favor. The choice between CDB and incentive spirometry is best made based upon a number of considerations, including local resource availability and costs, and 
the ability of the individual patient to participate with either modality. We initially use incentive spirometry in virtually all patients because, once taught, the patient can 
perform the therapy with little or no supervision multiple times throughout the day. In individuals who have difficulty using the incentive spirometer, who are having 
problems with postoperative atelectasis or hypoxemia, or who have remained in the intensive care setting, it is reasonable to use CDB under the supervision of a 
trained nurse or respiratory therapist. In selected patients with large volumes of sputum, postural drainage and chest percussion may play an adjunct role, although 
this intervention can cause transient deterioration in gas exchange and increase chest wall discomfort in individuals whose respiratory reserve may be already quite 



limited.197 On physiologic grounds there is intuitive appeal to the use of CPAP to increase functional residual capacity in the postoperative period. However, further 
studies are required to define both the benefits and the relative costs of this more complex intervention.

Pain Control

Many of the adverse effects of thoracic surgery on pulmonary function are independent of pain. 110 However, the control of postoperative pain remains an issue of 
particularly great importance for the patient who has undergone pulmonary resection for bronchogenic carcinoma. The majority of patients will have lateral incisions 
that involve injury to respiratory muscles. Pain at the surgical wound may be a problem with each breath. Furthermore, many of these patients have significant 
underlying chronic obstructive pulmonary disease, rendering them susceptible to the hypoventilatory effects of injudiciously administered narcotics.

Traditionally, postoperative pain has been controlled with periodically administered narcotics. This approach gives significant variation in narcotic levels, with often 
inadequate pain control when the level is at a nadir and unacceptable effects on sensorium and respiratory drive when the level is at a peak. 111,198 Several recent 
innovations offer the promise of considerably improved the therapy of postoperative pain while lessening adverse side effects. Patient controlled analgesia (PCA) and 
epidural analgesia are approaches that may be of benefit following any surgical procedure in which postoperative pain is a major consideration. 199 Both methods can 
give improved analgesia with relatively easily controlled side effects. In PCA, the patient receives a low-dose continuous infusion of intravenous narcotic that he or 
she can supplement on demand with a controlled bolus of drug. This approach has been well accepted by patients, with improved patient comfort and perhaps fewer 
effects of peak narcotic levels on sensorium. If the limits on bolus doses are adjusted appropriately, there is little risk of significant overdose. 111

Epidural analgesia is now an accepted method of pain control in this patient population. Narcotics are delivered in bolus fashion, controlled either by the patient or the 
nursing staff, via an epidural catheter for up to 24 hours after surgery. Pain control and patient acceptance are generally excellent. 200,201 Pruritis and urinary retention 
are problems that are easily treated with an antihistamine or short-term urinary catheterization, respectively. In general there are few problems with significant 
respiratory depression.111 Of note is that, in a prospective study in which oxygen saturation was monitored continuously for 24 hours after lower abdominal surgery, 
Wheatley and colleagues 202 found more frequent episodes of mild arterial oxygen desaturation (over 94% for less than six minutes per hour) in patients receiving 
epidural analgesia than in groups receiving PCA or traditional intramuscular narcotics. These episodes occurred almost exclusively during sleep at night and were not 
predicted by decreases in respiratory rate. To prevent this complication, some authors have advocated concomitant therapy with an opiate antagonist given 
intravenously.203

An innovative approach to pain control after thoracotomy involves regional anesthesia with a long-acting local anesthetic agent such as bupivacaine used for 
extrapleural intercostal nerve block 109 or instilled into the pleural space at the end of the surgical procedure. 204,205 With either repeated administration or a continuous 
infusion of drug, there is excellent local control of thoracic pain with no evidence of respiratory depression or other major side effects. In theory, these uses of regional 
analgesia may significantly improve patient comfort, decrease the requirement for systemic narcotics, and improve pulmonary function in the postoperative period. For 
example, Berrisford and colleagues109 showed that extrapleural intercostal nerve block with bupivocaine led to an immediate postoperative FEV 1 which was 40% 
higher than with saline placebo.

CONSIDERATIONS FOR RADIATION THERAPY

For those patients for whom surgery is not a therapeutic option, radiation therapy often serves as a good alternative. Similarly, for those patients with extensive local 
disease at the time of thoracotomy, postoperative radiation therapy is often employed. The clinical indications and techniques employed in this form of therapy will be 
discussed elsewhere in this volume. Pulmonary changes have been known to occur after pulmonary radiation for almost 100 years. 206 Recent work has clearly 
described two major clinical phases of lung injury from pulmonary radiation: an acute pneumonitis and a later-appearing fibrosis. 207,208 and 209 Because many patients 
with lung cancer have underlying lung disease, it would be expected that an additional effect of radiation-induced lung injury will occur. Furthermore, the effect of 
radiation injury would be expected to be different from the effect of surgical resection on lung function. The extent of functional loss should not be as well defined after 
radiation therapy, and the time course of functional loss will be different (immediate for resection versus delayed for radiation injury). 210 The risk of an early radiation 
pneumonitis seems to be strongly influenced by the dosage delivered and the field size. 211,212 The late effect may be quite important, as severe or fatal pulmonary 
complications were seen in 3% of patients receiving 4,000 cGy in four weeks through a Radiation Oncology Group (RTOG) study 213 and in 5% of patients receiving 
6,960 cGy in another RTOG study.214

Brady and colleagues206 monitored spirometry, lung volumes, MBC, DLCO, dynamic lung compliance, and arterial blood gases prior to and four weeks after thoracic 
radiation therapy in lung cancer patients. Little change was seen during this brief period of follow-up in most parameters. A decrease in DLCO was highly significant 
and appeared to correlate with the volume dosage delivered to the thorax. Mattson and colleagues 215 studied 34 patients treated with split-course radiation therapy for 
lung cancer in addition to chemotherapy. At regular intervals after radiation, pulmonary function was measured, as was regional pulmonary perfusion using 133Xe (as 
described earlier for thoracic resection). Only decreases in DLCO were significant and seen six and nine months after finishing radiation. In a large prospective study, 
Choi and colleagues216 measured pulmonary function (spirometry, lung volumes, MBC, and arterial blood gases) prior to initiation of postoperative (lobectomy in 49 
and pneumonectomy in 22 patients) radiation and one year after finishing radiation (and every year thereafter). They noted very little change in pulmonary function 
regardless of the surgical procedure. In four of 137 patients there was symptomatic pulmonary toxicity.

Two groups have utilized similar techniques of split perfusion scans to estimate postradiation therapy pulmonary function as was described earlier for lung resection. 
Rubenstein and associates217 prospectively examined 22 patients (six treated postoperatively and 16 treated with primary radiation therapy) using quantitative 
perfusion lung scanning. Careful estimates were made of the volume of lung exposed to radiation. Assuming this lung would no longer contribute to the patient's FEV 1, 
the authors predicted postradiation therapy pulmonary function by using the following equation:

Postradiation FEV1 = Preradiation FEV1 × (1-fraction of total lung perfusion in radiated portal)

After sequential follow-up, the authors noted that a latent period in FEV 1 was followed by a decline in FEV1. Nevertheless in only two patients was postradiation FEV 1 
below the predicted postradiation pulmonary function.

In a more ambitious study, Choi and coworkers210,218,219 prospectively studied patients with unresectable lung cancer treated with radiation therapy. Using quantitative 
radionuclide lung scans to measure regional lung function, the authors estimated postradiation therapy FEV 1 using an equation similar to that of Rubenstein and 
colleagues.217 The authors noted that the change in pulmonary function after radiation therapy depended on pretreatment lung function, the extent of bronchial or 
pulmonary vascular obstruction by tumor, and the location of treatment. In this way, group A patients, with preradiation-therapy FEV 1 of less than 50% predicted (and 
over 10% shift in ventilation or perfusion to the uninvolved side of the lung), showed the greatest decrement in lung function. In these patients, FEV 1, FVC, MBC, and 
PEFR decreased by 15% to 25%, TLC decreased by 12%, and DLCO by 6%. In group B patients, with preradiation FEV 1 of over 50% predicted (and over 10% shift in 
ventilation or perfusion to the uninvolved side of the lung), there was a small increase in pulmonary function 12 months after radiation therapy. The predictability of 
loss in pulmonary function was greater in group A patients (69% correlation between measured and predicted postradiation therapy pulmonary function). Only 10% of 
group B patients showed the decrease predicted (50% showed a small increase in pulmonary function, with 40% showing a small decrease). Choi suggested in an 
editorial210 that the functional loss in pulmonary function after radiation therapy depends on the balance between direct tissue injury due to the radiation and possible 
improvement in pulmonary function by improved traction of adjacent lung caused by radiation. Axford and associates 220 suggested that radiation may actually relieve 
breathlessness in emphysema patients via a similar process. As such, in patients with relatively normal preradiation pulmonary function, there is likely to occur a 
predictable loss in pulmonary function with radiation therapy. Patients with markedly reduced pulmonary function may have some improvement. The extent of airway 
or vascular obstruction by tumor may also have an impact. Fazio and colleagues 221 noted an early improvement in ventilation (in 83% of patients) and perfusion (in 
86% of patients) after radiation therapy for unresectable lung cancer. Of interest was that subsequent decrease in pulmonary function was seen and was felt to be due 
to delayed radiation fibrosis.

The value of pulmonary function testing and accurate estimation of dose-volume calculation was highlighted by Marks and colleagues, who prospectively studied 100 
patients (67 with lung cancer) during the course of radiation therapy. 222 They utilized three-dimensional, CT-based estimates of dosage and pretherapy pulmonary 
function studies to predict the development of symptoms (which occurred in 21 of 100 patients) and decrements in pulmonary function. The authors noted that the 
extent of alteration in whole-lung function, as defined by symptoms or pulmonary function change, was best related to dose-volume and pretherapy pulmonary 
function. As such, most patients with pulmonary symptoms had either a high dose-volume parameter or low pretherapy pulmonary function. Interestingly, there was no 



quantitative relation between dose-volume parameters and the percent reduction in pulmonary function. Further data are required to develop more accurate predictive 
models.

In conclusion, radiation therapy results in clear-cut injury to normal lung. In most patients this should not prohibit treatment. In some patients prediction of 
postradiation therapy pulmonary function may be useful, particularly if one uses similar criteria established for postresection lung function. This is particularly true 
because the measured posttreatment pulmonary function is rarely lower than predicted function. This should provide a “cushion of error” which may quite clinically 
useful. In patients with severe pulmonary dysfunction, the resulting late decrement in pulmonary function with high-dose radiation must be taken into account when 
weighing therapeutic options.

CONSIDERATIONS FOR CHEMOTHERAPY

As with surgical treatment and radiation therapy, chemotherapeutic agents used to treat bronchogenic carcinoma have been shown adversely to affect pulmonary 
function. A comprehensive review of this topic is outside the range of this chapter. The reader is referred to several excellent reviews. 223,224,225,226 and 227 In this 
discussion we will primarily address issues of pretreatment assessment in an effort to minimize toxicity, and we will concentrate on agents commonly used to treat 
lung cancer.228,229

The incidence and major risk factors associated with these chemotherapeutic agents are summarized in Table 36.6. Bleomycin is included because it is considered by 
many to be the prototypical agent of drug-induced lung damage. 226 Furthermore this agent has been the most extensively studied, with two major clinical scenarios 
described: a chronic, progressive fibrosis, and an acute hypersensitivity reaction. 223 The risk factors described in Table 36.6 are the best-defined in the literature. 
Mitomycin C has been shown to result in pulmonary toxicity 3% to 36% of the time.226 Toxicity can occur after a single dose or several months after stopping therapy; 
clinical scenarios include pulmonary pneumonitis/fibrosis, hemolytic-uremic syndrome, and bronchospasm. 225 Risk factors for lung toxicity with this drug are less well 
defined; the major ones are shown in Table 36.6. Cyclophosphamide is the most common agent used in the treatment of lung cancer. Toxicity has been reported after 
a single dose or up to 13 years after discontinuing therapy. 223,226 The reports of cyclophosphamide toxicity are difficult to interpret as this drug has been usually 
administered with other agents. Fortunately, the incidence of lung toxicity is less than 1%. 223 Risk factors for development of pulmonary toxicity are also poorly 
defined. Vinca alkaloids administered alone rarely cause significant pulmonary toxicity but can when administered in conjunction with mitomycin. Several studies 230,231 

and 232 have noted this association, with the unusual syndrome of acute bronchospasm described by some. 231,232

TABLE 36.6. INCIDENCE AND RISK FACTORS FOR CHEMOTHERAPY-ASSOCIATED PULMONARY TOXICITY

Data have been published reporting an increased risk of pulmonary toxicity in the face of combined therapy with chemotherapeutic agents and thoracic radiation. 233 
This relation is best established for bleomycin, 234,235 and 236 cyclophosphamide,225,237,238 doxorubicin,239,240,241 and 242 dactinomycin,243 irinotecan,244 and possibly 
vindesine.245 This should be taken into account, as combined therapy is often considered for lung cancer patients, particularly if administered concurrently. 244,246 A 
review of series published before 1994 that used combined modality therapy suggested that, in multivariate analysis, radiation pneumonitis was most commonly seen 
in the setting of high dose per fraction. 247 These authors suggested the use of twice-daily radiation in this setting to minimize risks of pulmonary toxicity.

The role of pulmonary function testing in this setting remains unclear. Most data have been published regarding bleomycin. Many authors feel that DLCO is the most 
useful test to monitor for potential toxicity, 248,249 while others do not concur.250,251 and 252 Most recently Wolkowicz and colleagues 253 prospectively studied 59 patients 
undergoing treatment for testicular cancer. DLCO dropped significantly with bleomycin but failed to differentiate patients with pneumonitis. The TLC was found to be a 
more specific indicator of significant pneumonitis. Van Barneveld and associates 254 studied 39 patients treated for testicular cancer by combining various parameters 
in a discriminant analysis to predict pulmonary toxicity. The combination of a low normal creatinine clearance, decrease in VC, and decrease in alveolar volume with 
no decrease in pulmonary capillary blood volume predicted an increased risk of pulmonary toxicity. Unfortunately, similar data are not available for other 
chemotherapeutic regimens. Limited information has been published during treatment for small cell cancer. Sorensen and colleagues 255 prospectively studied 30 
patients treated with aggressive chemotherapy (six achieved a complete response and ten a partial response). In both of these groups VC, FEV 1, TLC, and PEFR 
increased three months after initiation of treatment. This improvement paralleled the roentgenographic improvement. As described earlier for radiation therapy, the 
treatment of lung cancer may lead to an initial improvement in pulmonary function as tumor bulk decreases along with associated airway involvement. In a preliminary 
communication, Valdivieso and associates 256 reported an increased incidence of pulmonary toxicity in patients with a lower FEF 25–75 who were treated for lung cancer 
with mitomycin, etoposide, platinum, and radiation therapy.

It is likely that the role of pulmonary function testing is limited in those patients undergoing chemotherapy for lung cancer. In those with multiple risk factors ( Table 
36.6), pretreatment spirometry, lung volume, and DLCO measurement as well as close monitoring during treatment are appropriate. Isolated abnormalities in 
pretreatment pulmonary function should not preclude chemotherapy. On the other hand, decreases in lung volumes or DLCO during therapy should lead one to 
reassess the benefits of further chemotherapy. In this fashion pulmonary toxicity should be minimized.

CONCLUSIONS

The treatment of bronchogenic cancer includes surgical resection, radiation therapy and chemotherapy; frequently combinations of these are used. Unfortunately, all 
of these modalities have associated deleterious effects on pulmonary function. In this chapter we have summarized the role of pretreatment evaluation in these 
patients. With aggressive testing and appropriate treatment the majority of patients should be able to undergo treatment while minimizing pulmonary side effects.
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In North America, less than 25% of patients will present with stage I or II disease. Unfortunately, this early stage of disease is where potential for cure is greatest and 
where surgical resection is undoubtedly the treatment of choice.

In this chapter, we discuss the indications for surgery, principles of surgical oncologic therapy, and results of such treatment of patients deemed to have stage I or II 
(N1) lung cancer. The role of adjuvant and neoadjuvant therapies is discussed in Chapter 42,Chapter 43 and Chapter 44.

HISTORICAL BACKGROUND

Surgery for lung cancer dates back to the mid-nineteenth century with multiple reports of nonanatomic partial resections for lung cancer. Davies in 1912 was first to 
describe a dissection lobectomy for lung carcinoma. 1 “The various structures at the pedicle of the lower lobe were ligated separately, and the lobe containing the 
growth was removed. The patient's condition was quite good for the first 6 days; he then developed an empyema and died on the eight day.” The author concluded 
that lung carcinomas in their earliest forms were amenable to surgical resection and complete removal. He prophetically stated that it was incumbent upon the 
clinician to perform early radiologic diagnosis prior to tumor extension beyond the boundaries of potential resection.

The modern era of thoracic surgery was ushered in with the advent of underwater pleural drainage and improved x-ray technology, which could detect smaller, more 
resectable lesions. Brunn described a one-stage lobectomy in 1929, followed by Allan and Smith who described a two-stage lobectomy in which adhesions were first 
created by pleural abrasion followed by lobectomy 12 days later. 2,3 By 1931 there were only six reported cases of patients successfully treated for lung carcinomas by 
surgical resection. In 1933 Graham and Singer reported on the historic, successful removal of a lung carcinoma via left pneumonectomy. 4 This was the first one-stage 
pneumonectomy. They proposed that pneumonectomy for lung carcinoma was not only technically feasible but also offered the patient the greatest chance for 
complete cure. Radical pneumonectomy with en bloc removal of mediastinal nodes was proposed by Allison in 1946. 5 For the next 10 years, pneumonectomy became 
the standard of care for non–small cell lung cancer (NSCLC).

Over the ensuing several decades, the concept that the more radical a cancer resection the better was challenged. Several factors set the stage for a transition from 
radical pneumonectomy to less extensive operations. Surgical techniques improved and hilar dissection with lobectomy became practical. Improved x-ray technology 
allowed for earlier detection of smaller and more peripheral lesions. In addition, it became apparent that many of the surgical candidates suffered from chronic 
obstructive lung disease and would not tolerate a pneumonectomy. Lobectomy was no longer considered a compromise operation but rather the new standard of care 
for early-stage lung cancer. More recently, surgeons have questioned the need for lobectomy in early-stage disease. Jensik reported on the results of segmentectomy 
as an alternative to lobectomy for the treatment of lung cancer in 1973. 6 The technique was not widely adopted because of the increased technical difficulty. However, 
the more recent, widespread use of surgical stapling devices and thoracoscopy has rekindled the controversy over performing more limited resections, especially in 
T1N0 tumors.

This chapter discusses the management of those patients with relatively early-stage disease where, following clinical evaluation, a complete resection is anticipated. 
Although clinical staging underestimates final pathologic staging in at least 25% of cases, those patients with clinical stage I and II disease are usually offered 
surgical resection as the initial therapy.

DIAGNOSIS AND STAGING

The methods of diagnosing and staging lung cancer are well reviewed in Chapter 29,Chapter 30,Chapter 31,Chapter 32,Chapter 33,Chapter 34 and Chapter 35. 
Many are asymptomatic and include patients who are smokers screened by their family physician, or who had a routine chest x-ray for employment medical clearance 
or preadmission testing prior to nonthoracic surgery. Surgical resection remains the mainstay of treatment for these patients, provided a complete resection can be 
performed and is warranted by a patient's functional status. Five-year survival following a complete resection of this early asymptomatic stage of disease (usually 
stage I) can approach 70%.7,8,9,10,11,12 and 13

The chest radiograph remains the most common and most inexpensive imaging modality to detect the pulmonary abnormalities related to early-stage disease. It must 
be remembered that early-stage lung cancers can often cause atelectasis or postobstructive pneumonias and may be mistaken for benign processes. One must be 
compulsive with follow-up before dismissing new x-ray abnormalities as benign processes, especially in smokers. The plain chest x-ray delineates the primary tumor 
and may also suggest mediastinal node involvement or direct tumor extension into the chest wall or mediastinum. A computed tomography (CT) scan of the chest 
remains the standard of care for further evaluation of a suspected lung cancer. This should include the entire chest and upper abdomen through the kidneys. We 
routinely use IV contrast to better delineate mediastinal structures. The diagnosis can be established by sputum cytology or bronchoscopy for more central lesions 
and percutaneous needle biopsy or thoracoscopy for peripheral abnormalities. Positron emission tomography (PET) scans have proven useful with an accuracy of up 
to 90%.

Whenever possible, we believe that a preoperative histologic or cytologic diagnosis of malignancy is worthwhile. If a diagnosis has not been reached prior to surgical 
resection, it is our practice to perform a wedge excision or intraoperative needle aspiration biopsy to obtain a diagnosis prior to the formal resection. Unfortunately, 
errors can occur with frozen section histology, usually the pathologist mistaking a malignant process for a more benign one. When the clinical suspicion of malignancy 
is great, and a frozen section analysis is unavailable, a formal resection (segmentectomy or lobectomy) is indicated for diagnosis and treatment. However, a 
pneumonectomy should never be performed without a preresection diagnosis of malignancy.

The minimum staging requirements include a complete history and physical examination, chest x-ray, and, whenever available, a CT scan of the chest and upper 
abdomen. Whether a search for distant metastases by other imaging techniques is warranted in these early stages of disease, is a moot point. The cost-effectiveness 
of this investigation, beyond a complete history and physical examination as well as screening blood chemistries, has never been substantiated. In our own practice, 
those patients with clinical stage Ib or II are usually screened for occult brain and bone metastases. With increasing frequency, we are employing PET scanning 



together with CT scanning as one-stop shopping. 14

The role of invasive staging is even more debatable. Except for tiny peripheral tumors, occult mediastinal lymph node disease occurs in 10% to 25% of patients with 
stage I disease and an even greater percentage in clinical stage II disease. For this reason, we have employed mediastinoscopy liberally in our preoperative 
assessment. However, the standard of care in North America suggests that if mediastinal lymph nodes are clinically negative (<1 cm in transverse diameter), then 
mediastinoscopy is not required before offering surgical resection. In our own practice, if mediastinal lymph nodes are negative on CT scan but a patient has a 2 cm 
or greater peripheral nodule or has clinical evidence of stage Ib or II disease, we perform mediastinoscopy just before the formal thoracotomy, cautioning the patient 
that surgical resection will not proceed if the mediastinal lymph nodes prove to have N2 disease, believing that, in this group of patients, surgery alone is insufficient. 
With this approach, the likelihood of unresectability at the time of thoracotomy is lessened and, for patients harboring mediastinal lymph node involvement, the 
opportunity to be treated by multimodality therapy, including preoperative chemotherapy, is still available.

PREOPERATIVE ASSESSMENT

Although the preoperative assessment of the surgical patient has been discussed in Chapter 36, we believe that this assessment must be performed by the thoracic 
surgeon in every instance prior to surgical therapy and is useful to highlight again.

The thoracic surgeon must be compulsive in his or her initial assessment of the patient. Because the majority of postoperative complications and deaths are related to 
cardiopulmonary events, risk factors for these complications should be identified preoperatively. The surgeon must also ensure that the anticipated resection will 
leave the patient with a reasonable quality of life without chronic respiratory failure. A multitude of risk factors have been analyzed as predictors of postoperative 
morbidity and mortality.15,16,17,18,19,20,21,22 and 23 The extent of resection, stage of disease, co-morbid medical disease, weight loss more than 10% and age over 70 
appear to be most significant. Interestingly, a patient's attitude toward his or her disease has been confirmed in a prospective analysis as an important predictor of 
outcome.24

The history and physical examination are the most important tools in physiologically evaluating patients with lung cancer. Most patients with lung cancer are current or 
former smokers, which increases their risk for vascular, cardiac, and obstructive pulmonary disease. The history should focus on the patients' cardiopulmonary 
reserve, smoking status, and current sputum production. It is extremely important to also assess the patient's ability to cough. Marked preoperative improvement can 
occur by smoking cessation (minimum of 2 weeks preoperatively), antibiotics, bronchodilators, steroids, pulmonary rehabilitation, and patient education on how to 
cough effectively.16,25

Pulmonary function testing runs the gamut from simple physical examination with stair-climbing to sophisticated exercise testing. Stair-climbing with pulse oximetry 
has been well documented to accurately predict function. 26,27 However, the standard of practice requires preoperative spirometry with carbon monoxide diffusion 
capacity (DLCO) and an arterial blood gas in patients prior to resection. 28 Ventilation–perfusion scanning is usually reserved for patients requiring pneumonectomy or 
for those who have severely compromised function on spirometry. Although guidelines for predicting high risk for resection are not absolute, a predicted FEV 1 of less 
than .8 after any resection, an MVO2 less than 10, hypercarbia, or cor pulmonale make surgery risky and pneumonectomy prohibitive ( Figure 37.1). However, prior to 
denying any patient a potentially curative resection, aggressive pulmonary rehabilitation programs can be instituted for up to 2 months. Many patients subsequently 
show significant improvements and often qualify for resection. More recently, lung volume reduction surgery has been used in conjunction with pulmonary resection to 
improve lung function for patients with COPD. 29,30 and 31

FIGURE 37.1. The usual algorithm for assessing people with regard to suitability of pulmonary resection. The recent evidence suggests that even severely 
compromised patients can undergo thoracotomy and lobectomy. There is no absolute FEV1 value that contraindicates any surgical approach in selected patients.

An accurate cardiac assessment is crucial in the thoracic patient. Hypertension, coronary artery disease, valvular disease, and arrhythmias are predictors of 
increased risk. A routine electrocardiogram is part of the preoperative assessment. More often, exercise stress testing and thallium imaging are being routinely utilized 
in patients over age 60 or with other risk factors to identify correctable defects.

STAGE I DISEASE (T1-2N0)

The Solitary Pulmonary Nodule

The solitary pulmonary nodule (SPN) deserves special attention because it often poses a diagnostic and therapeutic dilemma ( Figure 37.2). More refined imaging and 
minimally invasive techniques have reduced the need for open thoracotomy for diagnosis. The SPN is defined as a round, 1 to 4 cm, well-circumscribed lesion 
surrounded by lung and without evidence of bronchial obstruction. Most often, these lesions present on routine chest x-ray as an unexpected finding in an 
asymptomatic patient. A thorough history, including questions regarding smoking history and previous malignancy, as well as a thorough physical examination may 
direct the clinician toward a diagnosis. A search for previous x-rays for comparison is imperative. If a lesion has not changed over 2 years, then one can ascribe a 
benign diagnosis with confidence.

FIGURE 37.2. Algorithm for investigating a solitary pulmonary nodule. Not seen in this algorithm is the insertion of PET scanning. A high SUV number (greater than 7) 
would indicate malignancy. However, significant errors are seen with bronchoalveolar carcinomas.

If old x-rays are unavailable, initial attempts should be directed at characterizing the lesion. Features such as dense, central, “popcorn,” or lamellar calcification 



suggest a benign lesion. CT scans have proven invaluable. High CT Hounsfield units indicating a dense lesion point toward a benign diagnosis. If doubt remains 
following these investigations, fluoroscopic or CT-guided percutaneous needle biopsy or transbronchial biopsy utilizing fluoroscopy can be performed. Recently, PET 
scans have been used to differentiate benign from malignant nodules with high accuracy. 32 This method appears highly accurate, approaching 95%. However, it has 
been shown that bronchoalveolar tumors are not well-suited for assessment by PET scanning (See also Chapter 30).

Several patients will remain whose lesions continue to elude tissue diagnosis. In these situations, tissue must be obtained either by open or video-assisted 
techniques, through which intraoperative aspiration cytology, core needle biopsy, wedge or segmental resection, and occasionally lobectomy can be performed for 
diagnosis.

Occult Lung Cancer

Patients with occult lung cancer (positive cytology, no lesion identified on x-ray) account for less than 1% of all lung cancer patients. 33,34 and 35 These patients usually 
include individuals who have participated in early lung cancer screening programs or who have developed hemoptysis without x-ray findings and have a positive 
sputum cytology documenting squamous cell cancer. Prior to any treatment, a thorough aerodigestive exam is required. One-third of these patients will actually have 
a head and neck cancer.34 Following head and neck exam, bronchoscopy must be performed under local anesthesia to accurately examine the proximal and distal 
airway. A lesion that is easily visualized can be biopsied. When no endobronchial lesion is seen, brushings and washings from segmental bronchi must be obtained. 
Most recently, newer techniques have been established to assist in the detection of occult disease (see also chapter 22 and chapter 24). These techniques include 
detection of early dysplasia and carcinoma with autofluorescence endoscopy (LIFE). 36 This technique has been reported to allow for almost 50% better detection of 
early carcinomas compared to ordinary flexible bronchoscopy.

Except for in situ carcinoma, or tiny superficially invasive tumors (less than 1 cm 2), the treatment of choice for even these early occult lesions is surgical resection. In 
such instances, lung-sparing operations are often indicated using bronchoplastic techniques because tumors often occur in major airways. The long-term survival 
following surgical resection for radiologically occult disease is excellent, approaching 100%. Although recurrences are rare, 45% of patients will develop new primary 
carcinomas of the aerodigestive tract. It is therefore imperative that surveillance endoscopy continue to be carried out.

SURGICAL ONCOLOGIC PRINCIPLES

Surgical resection remains the mainstay of treatment for early-stage lung carcinoma. However, an incomplete resection rarely benefits a patient. Several basic, yet 
important oncologic guidelines should be followed to provide an optimal and complete resection and complete the final TNM staging.

1. The tumor and its draining intrapulmonary lymphatic tributaries should be resected in their entirety whenever possible.
2. The tumor should be completely excised without spilling or traversing it.
3. The surgeon should resect en bloc any structure invaded by tumor in order to achieve negative margins.
4. A complete ipsilateral mediastinal lymph node dissection or sampling should be performed in all patients.

Lobectomy Versus Pneumonectomy

It has been clearly established that incomplete resections rarely lead to cure. Intraoperatively, the surgeon must determine if a lobectomy will suffice to provide a 
complete resection. All resection margins must be confirmed as negative by frozen section. In addition, lymph nodes lying on the pulmonary artery and straddling 
adjacent lobes must be examined by frozen section. If these nodes are positive, then a larger resection may be required to effect a complete resection (e.g., 
bilobectomy, sleeve resection, or pneumonectomy). Lymph node involvement of the airway or vessels proximal to the upper lobe takeoff involving the mainstem 
bronchus or the main pulmonary artery may necessitate a sleeve resection of the main bronchus or pneumonectomy.

Lymph Node Sampling Versus Mediastinal Lymph Node Dissection

During the conduct of surgical resection for lung cancer, surgeons must perform adequate nodal staging (see also Chapter 35). This process requires sampling of 
lymph nodes at the hilum and at all available mediastinal lymph node stations. If a mediastinoscopy has been done prior to the surgical resection, then those areas 
already sampled at mediastinoscopy need not be sampled again. If any sampled lymph nodes contain metastatic disease, then it is recommended that a complete 
ipsilateral mediastinal lymph node dissection be performed. Whether this latter procedure is required as routine (versus sampling) in all pulmonary resections for 
cancer is a debatable point. Advocates point out that in at least 10% of cases, occult mediastinal lymph node involvement occurs and may be missed unless an 
ipsilateral node dissection is carried out. On the other hand, the only randomized trial available to date suggests that although surgical staging is improved with regard 
to the number of mediastinal lymph node stations involved, the overall incidence of N2 disease discovered at the time of sampling is not improved with mediastinal 
lymph node dissection and, in this small randomized trial, no improvement in survival was demonstrated with the use of ipsilateral node dissection. 37 A North 
American trial was begun in 1999, comparing these two approaches in early-stage lung cancer.

Limited Resection Versus Lobectomy

The standard treatment for stage I disease is a complete removal of the primary tumor, usually lobectomy, and at minimum lymph node sampling of all available hilar 
and mediastinal nodes.

Advocates of limited (wedge or segmental) resections have argued that small peripheral T1N0 tumors can be removed safely by wedge resection with minimal risk of 
local residual lymphatic involvement. However, Ishida and colleagues reported that only for very small tumors (less than 1 cm in diameter) is the incidence of 
lymphatic permeation and nodal involvement near zero.38,39 Tumors of 1.1 to 2 cm had intrapulmonary lymphatic spread in up to 17% of cases. Tumors greater than 2 
cm had lymph channel or nodal spread in 38% of cases. This data suggests that to achieve complete resection in tumors greater than 1 cm in diameter, removal of 
local and regional nodes by standard lobectomy should be performed. Because less than 5% of lung cancers are discovered as peripheral tumors smaller than 1 cm, 
extensive data on these very small tumors is limited.

In a multivariate analysis of completely resected T1, N0, M0 tumors, Macchiarini and colleagues were unable to find a statistical correlation between tumor size and 
survival.40 In their study, blood vessel invasion and mitotic index were more important factors in predicting survival. In a similar study by Ichinose and colleagues, 
tumor size alone was not a significant prognostic factor, and in multivariate analysis, only grade of differentiation and DNA ploidy patterns significantly impacted on 
survival in stage I disease.41 Thus even very small peripheral tumors have the potential for local, regional, and systemic spread.

Types of Limited Resection

Limited resection can be defined as removal of a pulmonary tumor and surrounding lung by a technique designed to preserve lung parenchyma encompassing less 
than a lobectomy.

Segmentectomy

Segmental resection of the lung was originally described for the treatment of bronchiectasis by Churchill and Belsey. 42 The lymphatic drainage of each segment 
usually but not always follows the segmental anatomy without crossing into the adjacent segment. Segmentectomy has the theoretic advantage over other 
parenchyma-conserving operations of encompassing all or most of the local lymphatic drainage. Thus this operation can be considered the most reasonable 
compromise to lobectomy in the treatment of lung cancer.

The classic operation includes isolation and division of the segmental artery and bronchus centrally. The segment is manually stripped from surrounding segments 
along the plane delineated by the intersegmental veins. With the advent of stapling devices and the risk of entering tumor during the stripping procedure, in cancer 
surgery, stapling rather than stripping is often employed. Those segments abutting a single other segment, such as the lingula or superior segment, are the most 
appropriate for segmentectomy by virtue of technical simplicity ( Figure 37.3).



FIGURE 37.3. Various types of segmentectomies. A: Right lung. B: Left lung.

Wedge Resection

Small peripheral tumors can be totally removed by a wedge excision. Complete local resection of the primary tumor is the goal of the operation, and no attempt is 
made to encompass the draining lymphatics. It is not known how much normal surrounding tissue should be resected as an adequate margin.

Precision-Cautery Dissection

When tumors cannot be excised by wedge excision and segmentectomy is not an option, precision-cautery dissection has been proven to be extremely useful. 43 This 
technique is done on the expanded lung and, using electrocautery or laser-cautery, the tumor and at least 2 cm of surrounding lung are dissected as deeply as 
necessary, usually ending up at the origin of a subsegmental bronchus and artery. This technique provides good hemostasis and, surprisingly, minimal air-leakage.

Video-Assisted Thoracoscopic Limited Resection

Video-assisted thoracoscopic (VAT) pulmonary resection has progressed substantially over the last several years. 44,45,46,47,48,49,50,51 and 52 Initial thoracoscopic reports 
were aimed primarily at determining the technical feasibility and safety (mortality 0% to 3%) of thoracoscopic wedge resection. Shannib et al. recently studied the role 
of VAT wedge resection in 30 patients with T1 tumors and severe pulmonary compromise and found only a 3% mortality rate. 47 Further assessment of this technique 
combined with postoperative radiation therapy is the focus of an ongoing intergroup study.

Multiple reports have now emerged documenting the technical feasibility of thoracoscopic lobectomy and lymph node dissection. 48,49 To date, no long-term data has 
demonstrated equivalent survival in NSCLC patients resected by VAT compared to conventional open lobectomy. Despite the claims of improved cosmesis, acute and 
chronic postoperative pain relief, and reduced hospital stays, randomized studies to date have failed to demonstrate any advantages of video-assisted surgery other 
than improved cosmesis. As the role of thoracoscopy in lung cancer becomes better defined, surgeons must hold thoracoscopic procedures to the basic principles of 
cancer surgery and not compromise the resection for the sake of convenience.

Results of Limited Resection for Early-Stage Lung Cancer

Segmentectomy

The results of segmentectomy were the first and most widely reported limited resections for lung cancer. Two broad categories have been reported: (a) compromise 
operations when pulmonary function would not permit standard lobectomy, and (b) intentional segmentectomies for T1-2 NO lung cancers when the surgeon 
considered this to be an adequate resection. 53,54,55,56,57 and 58 In pulmonary compromise situations, patients with both N1 and N2 disease were often included in studies, 
thus five-year survival ranges from 15% to 30%. Although local recurrence rates were not reported, limited data suggested they were high ( Table 37.1).6,59,60,61,62 and 63

TABLE 37.1. RESULTS OF REPORTED SERIES OF LIMITED RESECTIONS FOR EARLY-STAGE LUNG CANCER IN PAST 20 YEARS*

In the few series that reported on patients resected with curative intent, the five-year survival rate ranged from 50% to 70% for T1, NO tumors, which is comparable to 
the results of lobectomy. Local recurrence rates in these series ranged from 5% to 17.5%, higher than the 5% seen after lobectomy ( Table 37.1).55,64,65 and 66

The Rush-Presbyterian group has continued to report their extensive retrospective experience with segmentectomy as a curative treatment option for early lung 
cancer.6,67 Most recently, they reported on 169 patients who underwent either a standard lobectomy (n=103) or a segmental resection (n=66) for pathologic stage I 
(T1, NO; T2NO) primary NSCLC. Patients in the segmentectomy group fared worse in terms of local recurrence, which was 22.7% compared to 4.9% after lobectomy. 
Five-year survival in the segmentectomy group was 45%, compared to 63% in the lobectomy group (p£0.035).

The North American Lung Cancer Study Group (LCSG) confirmed previous retrospective studies with a prospective, randomized trial. 41 Patients with T1, NO NSCLC 
were randomized to lobectomy (n=125) or limited resection (n=122: seg.=82, wedge=40). In this prospective study, the locoregional recurrence rate for lobectomy was 
5%. There was a 2.4-fold increase in locoregional recurrence with limited resection (17%). There was a 30% increase in the overall death rate and a 50% increase in 
death with cancer for the limited resection group. There was no late functional advantage or decrease in perioperative morbidity for the limited resection group.

Wedge Resection

The reported series of wedge resections in the management of NSCLC have primarily involved compromise resections in patients with limited pulmonary reserve. 
However, there have been recent reports of intentional limited resections for small peripheral tumors after open and thoracoscopic procedures. 68 Little data exist to 
support the widespread use of wedge resection even for small peripheral tumors, except in the setting of pulmonary compromise. In the previously mentioned study of 
limited resection reported by the LCSG, 40 patients underwent wedge resection as a curative procedure. Even worse than segmentectomy, the locoregional 
recurrence rate was four-fold higher than the lobectomy group. No data on the results of precision-cautery dissection is available.

In summary, based on the available data, lobectomy and adequate nodal sampling or dissection should remain the mainstay of treatment for early-stage lung cancer. 



In compromise situations, limited resection can be performed, but with an expected increase in locoregional recurrence and decreased five-year survival. Only rarely 
is a bilobectomy or pneumonectomy required for stage I tumors. Occasionally, proximal T1NO or large T2NO lesions require this enlarged resection to effect complete 
removal.

STAGE II (N1) DISEASE

When intrapulmonary lymph nodes either within the lung or at the hilum are involved with metastases, the overall survival following surgical resection for lung cancer 
decreases considerably. Also, to effect a complete resection, pneumonectomy is required with increasing frequency. In our experience, approximately 25% of stage II 
lung cancers require pneumonectomy for complete tumor extirpation by virtue of the size or portion of the primary tumor or involvement of hilar lymph nodes. 69

In this group of patients, lung-preserving procedures may indeed allow less than a pneumonectomy to be performed. When lymph nodes involve the main bronchus or 
invade the adjacent pulmonary artery, sleeve resection of the bronchus with or without a vascular sleeve resection of the pulmonary artery can be employed to 
preserve lung function, allowing a lobectomy to occur. Although no randomized trial has ever been performed to assess the value of this vis-à-vis complete 
pneumonectomy, most studies do indicate that the survival rate, stage for stage, of a sleeve lobectomy or combined vascular sleeve resection is identical to that seen 
with pneumonectomy.70 With right lower lobe tumors, involved lymph nodes at the origin of the lower lobe bronchus or near the middle lobe take-off necessitate that a 
bilobectomy be performed. Similarly, upper or lower lobe tumors invading the middle lobe often require bilobectomy for complete excision.

In this stage of disease, especially with hilar lymph node involvement, we believe that concomitant mediastinal lymph node dissection (versus sampling) should be 
carried out because the incidence of occult mediastinal lymph node involvement in presumed stage II disease is much greater than with presumed stage I and 
approaches 25% of all cases.

POSTOPERATIVE COMPLICATIONS

Major complications occur in 10% of patients operated on with stage I and II disease. 71,72,73 and 74 (See also Chapter 41.) In a review of 961 patients who underwent 
major pulmonary resection, there was a 2% mortality and a 17% morbidity: 9% had major complications, which included pneumonia, pulmonary embolus, 
bronchopleural fistula, empyema, arrhythmia, and respiratory failure, and 8% had minor complications. The morbidity and mortality following resection for stage I and 
II tumors is less than that seen in stage III disease.

In a 1983 LCSG study, 2,220 patients undergoing resection for lung cancer were analyzed. Eighty-one postoperative deaths occurred (3.7%). The mortality was 6.2% 
for pneumonectomy and 2.9% for lobectomy. Most recently, morbidity and mortality were prospectively analyzed in 783 patients. 75 This study may reflect current 
trends toward aggressive neoadjuvant chemotherapy. Mortality was 3.9%, and the major complication rate was a startling 27%. Complications occurred more often in 
men, in patients greater than 60 years of age, and in patients with a Karnofsky index of less than 9. The high incidence of morbidity in surgically resected lung cancer 
patients makes careful preoperative assessment and meticulous perioperative care mandatory. In our own center, postoperative mortality in stage I lung cancer 
resection approaches zero (1 death in the most recent 300 cases).

SURVIVAL

In the literature, survival following surgical treatment of stage I and II NSCLC varies considerably. 78,9,10,11,12 and 13,76,77,78,79,80,81,82,83,84 and 85 These differences may be 
related to the heterogeneity of the patient population, criteria for surgical resection, the proportion of patients in a subset (i.e., T1NO versus T2N0), the extent of the 
staging process (mediastinoscopy versus mediastinal lymph node dissection versus sampling), and length of follow-up. Significant differences in survival exist even 
among patients with early-stage lung cancer. The best predictor of survival within each stage is in the comparison of the TNM subsets.

The overall survival for pathologic stage I and stage II disease was recently analyzed ( Figure 37.4).77 These results confirm that nodal involvement has the strongest 
adverse influence on survival, and results also demonstrate that a significant number of patients are clinically understaged. In our experience, overall survival for 
stage II is not only affected by the presence of N1 disease but also by the number of involved N1 nodes. 86 Furthermore, improved survival has also been noted in 
stage II patients with tumors less than 5 cm in size.8 Several studies have also shown that histology may impact on survival. The LCSG reported an improved survival 
for squamous carcinomas versus nonsquamous lesions.83,87 However, this difference has not been borne out in all series. It is important to note that within a given 
TNM category, it is impossible to predict which patients will experience a relapse of their disease.

FIGURE 37.4. Survival following clinical staging versus pathologic staging. (From Mountain CF. Revisions in the international system for staging lung cancer. Chest 
1997;111:1710, with permission.)

Other prognostic factors, including gender, age, performance status, weight loss, and tumor location, have been analyzed. 15,17,18,36,41,86,88,89,90 and 91 None of these 
factors to date has clearly been proven to impact on survival. Numerous molecular and biologic markers are currently being investigated as predictors of survival in 
patients with NSCLC. They include tumor-associated antigens, aberrantly expressed genes, enzymes, hormones, or other biologic markers. The recognition and 
development of molecular markers has given new insight into our understanding of the biology of NSCLC. These markers may soon provide a more accurate method 
for predicting patient survival (See also Chapter 33).

PATTERNS OF FAILURE AND RECURRENCE

The majority of patients who are resected for stage I NSCLC will enjoy long-term, disease-free survival. 8,12,13,80,81,82 and 83,92,93 However, approximately one-third of 
resected patients will relapse. The majority of these relapses will be distant metastases, with the risk of a local recurrence after complete resection being less than 
10%. The brain is the most common site of metastatic recurrence, followed closely by bone, ipsilateral and contralateral lung, liver, and adrenal. More than 80% of 
recurrences occur within 2 years.

The rate of recurrence for patients with stage II disease is high despite surgical treatment. More than 50% of resected stage II patients can be expected to relapse. 
Similar to all stages of lung cancer, most recurrences are distant and suggest a need for effective systemic therapy once nodal metastases have occurred. However, 
the role of induction and/or adjuvant chemotherapy with or without radiotherapy has not been well defined. The patterns of recurrence may differ by histology with 
more local recurrences seen for patients with squamous carcinoma and more distant metastases seen in patients with adenocarcinoma.

ADJUVANT THERAPIES

Although discussed elsewhere (see Chapter 42, Chapter 43, Chapter 44), adjuvant therapies following complete resection of stage I and stage II lung cancer have 
failed to make a significant impact. Neither chemotherapy, radiotherapy nor both modalities used in an adjuvant setting have improved survival significantly following 



complete resection. This has been borne out in two recent metaanalyses of adjuvant chemotherapy and adjuvant radiotherapy. Also, a recent North American trial 
comparing postoperative adjuvant radiotherapy to adjuvant chemoradiotherapy in stage II and III lung cancer has failed to demonstrate an impact of the combined 
treatment.94

Because of the failures of adjuvant treatments and the apparent success of induction therapies in more advanced disease, studies are now being conducted to assess 
the value of induction chemotherapy followed by surgery in patients with clinically staged Ib and II disease. 95,96

FOLLOW-UP

Resected NSCLC patients must be followed closely, not only for recurrences but also for new lung as well as nonthoracic primary malignancies. Patients with 
early-stage lung cancer were followed in a study by the LCSG for more than 5 years and were found to develop a significant number of new lung, breast, prostate, and 
colon cancers. In a recent analysis of 598 patients resected with stage I disease followed at Memorial Sloan-Kettering Cancer Center, 206 patients or 34% developed 
second cancers. One-third of these new primaries were lung cancers. This finding underscores the need to follow lung cancer patients closely postoperatively. We 
recommend that surgeons see their patients every 3 months for the first postoperative year, followed by every 6 months for 2 years, and then annually. Follow-up 
visits should include repeat chest x-rays and thorough physical examinations monitoring weight loss and respiratory and performance status. Screening blood work 
plays no role in routine follow-up of the postoperative patient. The value of CT scanning in follow-up is currently being investigated. The recommendations for close 
follow-up in general have recently been questioned in regards to cost-effectiveness. 97 In a small percentage of patients, disease relapse is confined to one local site 
without distant spread. These patients should be extensively reinvestigated. If no metastatic or mediastinal disease is discovered, such patients should be considered 
for re-resection and possible completion pneumonectomy. A recent analysis of patients undergoing completion pneumonectomy demonstrated a slightly higher 
mortality (10%) than patients undergoing pneumonectomy as their initial operation (6.2%), but a considerable number of patients were salvaged by this approach. 45

FUTURE DIRECTIONS

Future directions in the surgical treatment of early-stage lung cancer await a variety of ongoing clinical trials. Currently, studies are evaluating the role of PET 
scanning in preoperative staging, whether complete ipsilateral mediastinal lymphadenectomy improves cure rates over lymph node sampling in stage I and II disease, 
and the role of genetic markers, immunohistochemical staining, bone marrow evaluation, PET scan activity (SUV), and pleural lavage as prognostic indicators. Also 
ongoing are trials analyzing the efficacy of 13- cis-retinoic acid as a chemoprevention agent for second primaries and the role of thoracoscopic wedge resection 
followed by radiation therapy for patients with severely compromised pulmonary function.

Although adjuvant and neoadjuvant therapies have yet to prove valuable following complete resection in these early stages of disease, trials are continuing to explore 
these treatments.

CONCLUSIONS

Surgical resection remains the gold standard for treatment of patients with stage I and II NSCLC who have potentially completely resectable lesions and adequate 
pulmonary reserve. Lobectomy and pneumonectomy afford the greatest chance for complete resection with the lowest recurrence rates and longest durable survival. 
Limited resections, either conventional or via video-assisted thoracoscopy have been advocated by some as an alternative to standard resections for patients with 
limited disease. These lesser resections have demonstrated alarmingly high local recurrence rates and shorter survival and should be considered compromise 
operations for patients who might not tolerate larger resections or who have synchronous disease necessitating more than one resection.

There is an increasing need for more accurate preoperative staging techniques for NSCLC. The current TNM staging system provides a method of standardization, 
improves our ability to determine ultimate prognosis, and allows us to identify groups that might benefit from trials of neoadjuvant and adjuvant therapy. As we push 
the treatment envelope further with investigational preoperative therapy, meticulous preoperative assessment becomes even more important if we are to reduce 
perioperative morbidity and mortality.
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For half a century, complete surgical resection has been recognized as the cornerstone of curative management of carcinoma of the lung. Despite advances in 
chemotherapy and radiotherapy, a complete surgical resection, whenever possible, continues to be the best therapeutic option for most patients with locally advanced 
primary pulmonary carcinoma, either alone or in conjunction with adjuvant therapy.

The first complete, one-stage resection for a primary pulmonary carcinoma was performed more than 60 years ago. 1 The success of this operation and the long-term 
survival of the patient encouraged thoracic surgeons to further develop the field of pulmonary surgery. In the years that followed, it became evident that long-term 
survival for pulmonary carcinoma could be achieved, but only in the setting of complete surgical resection. 2

This perspective emboldened thoracic surgeons to develop surgical techniques to resect tumors considered initially to be unresectable on the basis of local invasion 
of chest wall, mediastinal structures, or the diaphragm. In 1959, Chamberlain 3 proposed the term extended resections to distinguish these aggressive procedures from 
the standard resections of extrapericardial pneumonectomy and lobectomy. Analysis of the surgical experience that followed is, at best, problematic. Incomplete, 
“palliative” resections were sometimes combined with those that were “curative” (i.e., tumor completely resected). Results from resecting various mediastinal 
structures were often grouped together. Adjuvant radiotherapy, when given, was used sporadically. Even among complete resections, however, it is clear that initial 
perioperative morbidity was high, and long-term survival was poor. 4

At least three factors contributed to these disappointing early results. First, there was only limited understanding of intraoperative and postoperative pathophysiology. 
The development of newer anesthesia techniques and agents, the availability of better monitoring, and improved surgical techniques have minimized perioperative 
complications. Second, much of this early experience with extended resections was performed before a clinicopathologic staging system was accepted. The adoption 
of an international staging classification for lung carcinoma and the development of sophisticated scanning techniques to detect extrathoracic metastases and to 
assess intrathoracic structures before operation have enabled surgeons to select cases more appropriately for these aggressive surgical resections. Third, we have 
come to recognize that the biologic behavior of certain tumors, such as poorly differentiated neuroendocrine carcinomas, precludes surgical cure even in the face of 
an apparently complete resection. In a retrospective histologic reevaluation of neoplasms resected as “small cell carcinoma,” it was found that, among patients who 
survived beyond 3 years, in most cases the tumors would now be reclassified as well-differentiated neuroendocrine carcinomas.5 Most believe that patients with poorly 
differentiated neuroendocrine carcinomas should not be considered for these extended surgical resections, despite the development of adjuvant chemotherapy and 
radiotherapy protocols. The exclusion of these latter cases has no doubt led to overall improved results.

During the past three decades, adjuvant radiotherapy protocols (see also Chapter 43) have been devised to improve the resectability rate and to reduce the incidence 
of postoperative locoregional recurrence. The results of these clinical trials suggest that, although the resectability rate may be improved, the five-year survival is not 
affected, with the exception of that for superior sulcus tumors 6,7,8,9 and 10 and possibly a subset of patients with N2 nodal involvement. 11,12 and 13 Because most patients 
with locally advanced disease die from distant metastases, the role of adjuvant multiagent concurrent chemotherapy and radiotherapy is being assessed (see also 
Chapter 44).

Despite these developments, some of these extended resections have not been widely accepted. In some cases, clinical experience has been limited, and many 
reports simply describe surgical technique without long-term follow-up. The purpose of this chapter is to review the development of these extended surgical 
operations, to present the technical aspects of these resections, and, when possible, to discuss their applicability in the modern surgery.

INTRAPERICARDIAL PNEUMONECTOMY

Radical pneumonectomy was first described by Allison 14 as an approach to performing en bloc complete mediastinal node dissection with intrapericardial ligation of 
the pulmonary vessels. Some surgeons adopted intrapericardial dissection as the approach of choice in performing a pneumonectomy, 15,16 although the advantages 
and logic of this approach were challenged by many. 17,18,19 and 20 Although few now use an intrapericardial approach as a matter of routine, it remains a useful 
technique when the tumor has directly involved the pericardium, foreshortened the pulmonary veins, or invaded the left atrium. The intrapericardial approach also 
provides access to the proximal pulmonary artery and the superior vena cava (SVC) when the tumor involves the pericardium over the hilum.

Preoperative computed tomographic (CT) scans and magnetic resonance imaging (MRI) are of limited value in distinguishing involvement of the pericardium and 
intrapericardial pulmonary veins from involvement of the left atrium. 21,22,23,24 and 25 Two-dimensional echocardiography, transesophageal ultrasound endoscopy, and 
intraoperative ultrasonography may be more valuable in this regard. 26,27

Technical Considerations

An incision is made in the pericardium anterior to the superior pulmonary vein but sparing, if possible, the phrenic nerve, which is often drawn up into the field of 
dissection. After entering the pericardium, the incision is carried superiorly and inferiorly to identify the pulmonary artery and to identify the inferior pulmonary vein. 
The intrapericardial extent of tumor must be carefully assessed. If the intrapericardial length of vein is free, then it can be stapled or divided and oversewn.

On occasion, a tumor directly invades the wall of the left atrium. Under these circumstances, a vascular clamp can be placed on the left atrium ( Figure 38.1), taking 
care not to compromise the pulmonary venous drainage from the contralateral lung. The left atrium should be closed in a running double layer of 3-0 monofilament 
nonabsorbable suture. Bailey and colleagues 28 described three patients who underwent cardiopulmonary bypass to resect larger portions of the left atrial wall with 
reconstruction using a pericardial patch to avoid a restrictive left atrium.



FIGURE 38.1. A: CT scan demonstrating right lower lobetumor abutting the posterior pericardium and the superior pulmonary vein. B: Same patient as (A) with tumor 
obstructing inferior pulmonary vein but not invading left atrium.

The intrapericardial approach also allows proximal dissection of the pulmonary artery. On the right side, the pericardium is opened anterior to the phrenic nerve, and 
the pulmonary artery can be dissected out at the bifurcation. The pulmonary artery can be secured either by stapling or by clamping and oversewing. Simple or double 
ligation is not sufficient.

Care must be taken to assess whether the tumor directly involves the posterior wall of the SVC. If the SVC is involved, resection and reconstruction can be performed 
(see also Chapter 62 and later in this chapter).

On the left side, the division of the ligamentum arteriosum provides optimal exposure to the proximal left pulmonary artery, which can be managed in a fashion similar 
to the right. Ricci and colleagues 29 reported on three cases of resection and reconstruction of the proximal left main pulmonary artery in conjunction with a left 
pneumonectomy under cardiopulmonary bypass using a median sternotomy.

Results

Although thoracic surgeons are familiar with intrapericardial dissection, it is associated with an increased incidence of supraventricular arrhythmia, and few occasions 
exist when it is necessary. However, when tumors directly invade the pericardium or foreshorten the pulmonary vessels, intrapericardial dissection is successfully 
performed with acceptable perioperative morbidity and mortality.

One of the most dramatic complications of intrapericardial dissection is cardiac torsion, whereby the heart herniates through the defect, resulting in diminished cardiac 
return.30,31,32,33,34,35 and 36 This complication almost always occurs within the first three days of surgery and is often precipitated by a change in position or forceful 
coughing. With right-sided herniation, kinking of the SVC, inferior vena cava, and pulmonary artery causes sudden hypotension, tachycardia, cyanosis, and venous 
congestion. Therefore, a right-sided pericardium defect must be closed, either primarily or with a patch. Parietal pleura, fascia lata, pedicle flap of diaphragm, and 
prosthetic material (e.g., Gore-Tex, Dacron, Vicryl mesh) have all been used. 35,36 and 37

On the left side, similar attempts must be made to close the defect primarily whenever possible. Herniation of the heart through a restricting left-sided defect can 
present as myocardial ischemia from compression of the coronary arteries at the edge of the defect. 35,38 There have also been reports of tearing of the inferior vena 
cava, right ventricle, or coronary vessels. 35,39 Therefore, when a moderate-size defect persists on the left side, the pericardium should either be widely resected (to 
allow free mobility of the heart out of the pericardial sac into the pleural space) or closed with a patch, as on the right side. Even when the defect is patched, there has 
been a report of the patch tearing free, resulting in cardiac herniation. 36 There have also been isolated reports of this complication occurring 14 weeks after a left 
upper lobectomy with intrapericardial dissection 40 and after a pericardiotomy for trauma without pulmonary resection.38 Therefore, the surgeon must be alert to this 
complication whenever the pericardium has been opened.

Because intrapericardial dissection is usually performed in conjunction with the resection of mediastinal structures (including pericardium, phrenic nerve, SVC, left 
atrium, carina, and aorta) and for tumors with and without mediastinal node involvement, interpretation of the results of this approach is problematic. According to Pitz 
and associates, tumors found to involve the mainstem bronchus but sparing surrounding mediastinal structures (especially T3 N0) have a better prognosis than 
tumors with invasion of mediastinal pleura, pericardium, and/or phrenic nerve. 41 Predictably, the best results have been reported when invasion is limited to the 
pericardium and in the absence of mediastinal nodal metastases.

Patients have survived longer than 5 years when this approach was used to dissect out pulmonary veins. 42,43 In contrast, when the tumor involves the wall of the left 
atrium, the results are much more discouraging. Of 29 patients undergoing complete resection by pneumonectomy or lobectomy with resection of a portion of the left 
atrium, the longest survivor is 36 months.28,44,45,46,47,48,49 and 50 None of the three patients who underwent en bloc resection of left atrial wall in the Rush-Presbyterian-St. 
Luke's (RPSL) experience survived beyond 2 years, despite the use of adjuvant chemotherapy and radiotherapy. Clearly, tumors that invade the wall of the atrium 
have a worse prognosis than tumors limited to the pulmonary veins or the pericardium. Preoperatively and even intraoperatively, however, such a distinction may be 
difficult. Two-dimensional echocardiography may be valuable in this regard. 26

Levett and colleagues51 reported their experience resecting eight patients with intrapericardial left pneumonectomies with bulky disease in the aortopulmonary 
window; no patients survived beyond 2 years despite adjuvant chemotherapy. Ricci and colleagues 29 reported their experience with three patients who underwent left 
pneumonectomy with en bloc resection of the origin of the left main pulmonary artery on cardiopulmonary bypass; one patient survived beyond 2 years.

Survival beyond 5 years has been reported when intrapericardial dissections were performed for major pulmonary resections with en bloc resection of the carina, a 
portion of the SVC, and the muscular wall of the esophagus (see following).

SLEEVE PNEUMONECTOMY

Carinal involvement by tumor occurs either primarily from spread through the mucosa or submucosa, or from peribronchial tissues, or secondarily from tumor invasion 
from metastatic nodes at the tracheobronchial angle or subcarinal space.

Tumor involvement of the carina was initially considered to be a contraindication for complete resection; however, endeavors to resect at least portions of the carina 
can be traced as far back as 1950.52 Such early attempts were limited by anesthetic techniques and were limited to resection of the tracheobronchial angle using an 
atrial clamp. This technique not only provided only a minimal resection margin but also tended to narrow the left mainstem bronchus. The first successful carinal 
resection for carcinoma, with reconstruction using an end-to-end anastomosis, was reported by Mathey and colleagues in 1966. 53 Other reports ensued as surgical 
and anesthetic techniques evolved. 54,55,56,57,58,59,60,61 and 62 Although cardiopulmonary bypass has been used successfully to accomplish complicated tracheal and 
carinal resections, it has been surpassed by the use of small endotracheal tubes and the jet ventilation catheter, which provides better exposure and safer control of 
the airway. Intraoperatively, transesophageal ultrasonic endoscopy and intraoperative ultrasonography have both been used with superior results. 27

Sleeve pneumonectomy should be considered for patients with large, central carcinomas that are otherwise resectable, with limited involvement of the carina as 
assessed by bronchoscopy or CT findings. At bronchoscopy, thickening and corrugation of the mucosa at the tracheobronchial angle indicates submucosal infiltration 
of tumor. Narrowing of the orifice of the proximal mainstem bronchus also should alert the surgeon that the patient may require a more extended resection than a 
standard pneumonectomy. Involvement of the trachea should be limited to less than 3 cm in length because resections of the trachea and left mainstem bronchus of 4 
cm or longer tend to put excessive tension on the anastomosis. 63

Mediastinal nodes assessed to be larger than 1 cm by CT should undergo biopsy by mediastinoscopy. The presence of positive mediastinal nodes above the 
tracheobronchial angle indicates a poor prognosis and has led some 63,64 to consider these cases to be inoperable. However, others 61 believe that if metastatic 



disease is confined to the ipsilateral tracheobronchial angle or subcarinal nodes, the patient should be considered for preoperative adjuvant chemotherapy and 
radiotherapy, and the surgeon should proceed with the appropriate resection ( Figure 38.2, Figure 38.3, Figure 38.4 and Figure 38.5).

FIGURE 38.2. Posterior radiograph demonstrating a bulky, squamous carcinoma extensively involving the hilum with associated marked volume loss of the right lung.

FIGURE 38.3. CT scan showing extensive involvement of the right tracheobronchial angle in the same case as in Figure 38.2. Note the compression of the right 
mainstem bronchus (arrow).

FIGURE 38.4. Posteroanterior radiograph of same patient as in Figure 38.2 after four cycles of preoperative combined chemotherapy and radiotherapy. Note that the 
mass is significantly smaller and that the right lung is fully reinflated.

FIGURE 38.5. CT scan of same patient as in Figure 38.2 after four cycles of preoperative combined chemotherapy and radiotherapy. Involvement of the right 
tracheobronchial angle is still evident but more limited.

Patients older than 65 years are not good candidates for sleeve pneumonectomy because they tolerate this procedure poorly, and their long-term survival is lower 
than in younger patients. Each patient, however, must be considered individually. A careful physiologic assessment is mandatory, including complete pulmonary 
function tests and quantitative ventilation–perfusion lung scans if the FEV 1 is less than 1.8 L or less than 50% of predicted.

Technical Considerations

Careful anesthetic planning is mandatory when sleeve resection is contemplated. The anesthesiologist must be prepared to ventilate the remaining lung for 30 to 45 
minutes through an open trachea while the anastomosis is being performed. High-frequency ventilation can be achieved through a 2-mm catheter passed through an 
8-mm standard endotracheal tube. The advantages of this technique are that it allows for adequate ventilation and oxygenation and provides excellent exposure 
during the anastomosis. Intraoperative bronchoscopy is performed as indicated.

Alternative techniques include the use of an uncut single-lumen endotracheal tube, which can be intermittently passed down the left mainstem bronchus, or a sterile 
second endotracheal tube, intermittently passed over the surgical field and down the distal bronchus during the anastomosis. Double-lumen tubes offer no advantage 
over these techniques and make the exposure for the anastomosis considerably more difficult. Limited experience with cardiopulmonary bypass for complex carinal 
resections has been fraught with complication of parenchymal hemorrhage into the remaining lung and should be avoided at all costs. 64

The technique of sleeve pneumonectomy has been well described elsewhere. 56,60,61 The preferred approach at RPSL for a right sleeve pneumonectomy is a 
posterolateral thoracotomy through the fourth intercostal space. The patient is not positioned to allow for a laryngeal release, but could be repositioned for an anterior 
cervical approach if this became necessary. The azygos vein is ligated and divided, and resectability is assessed. If necessary, portions of the SVC or the muscular 
wall of the esophagus can be resected (see also Chapter 62. Care is taken to preserve blood supply of the distal trachea and the left mainstem bronchus. Dissection 



is begun along the anterior and posterior aspects of the trachea, preserving the lateral blood supply above and below the levels of transection; mediastinal 
lymphadenectomy is performed, with care taken not to injure the small arterial branches. During this part of the procedure, the endotracheal tube can be advanced 
down the left mainstem bronchus to optimize exposure. If any question exists about carinal involvement, a pneumonectomy can be performed and a frozen section 
obtained of the bronchial resection margin.

Once the need for carinal resection is confirmed, the distal trachea and left mainstem bronchus are dissected out. The left recurrent laryngeal nerve is sometimes 
seen at the left tracheobronchial angle. If necessary, it may be divided because the right laryngeal nerve should be out of the field of dissection. The thoracic duct or 
one of its branches is sometimes injured at this point, and a chylous leak should be carefully sought. Major lymphatic channels should be oversewn; metal clips should 
be avoided because they tend to sever the walls of these fragile vessels. The trachea is then transected 1 to 3 cm above the carina, and the left mainstem bronchus is 
transected as close to the carina as possible. No attempt is made to compensate for lumen disparity. The jet ventilation catheter is advanced down the left mainstem 
bronchus under direct control (Figure 38.6).

FIGURE 38.6. Operative view of the anastomosis of the left mainstem bronchus to the distal trachea. Note the use of a jet ventilation catheter to facilitate placement of 
the sutures while maintaining ventilation to the left lung.

Frozen sections of the proximal and distal tracheobronchial resection margins are obtained. A positive resection margin is an indication for additional resection, if this 
action will not place undue tension on the anastomosis. The anastomosis is performed using interrupted 3-0 polyglycolic sutures. Traction sutures of 2-0 polyglycolic 
acid are placed at the lateral resection margins of the trachea and the mainstem bronchus to relieve tension while the anastomotic sutures are being tied. If 
necessary, the traction sutures can be tied for additional support. The anastomosis should be covered with viable tissue to seal minute leaks and to minimize 
complications of a small anastomotic separation. A mediastinal fat pad obtained from the anterior mediastinum draping over the pericardium, a pleural flap, or an 
intercostal muscle bundle can be used.

Although there has been some experience performing a left sleeve pneumonectomy through a left posterolateral thoracotomy with mobilization of the aortic arch, 57,65 
in most cases, this was performed for low-grade tumors with little or no extension into the peribronchial tissues. In bulky, central tumors, a left posterolateral 
thoracotomy usually does not provide adequate exposure for a carinal resection and reconstruction. If a positive bronchial resection margin is encountered in the 
course of a left pneumonectomy (such that a carinal resection is necessary), then the bronchus should be closed despite a positive resection margin, deferring the 
carinal resection through a right thoracotomy for 4 weeks, as described by Gilbert and colleagues. 66 The obvious morbidity and mortality of these two major 
procedures must be weighed against the technical difficulties of approaching the dissection and the anastomosis of the right mainstem bronchus through the 
aortopulmonary window. An alternative approach to left sleeve pneumonectomies is to perform a right thoracotomy first, resecting the carina and performing the 
anastomosis of the right mainstem bronchus to the trachea, stapling the left mainstem bronchus, and dividing the left pulmonary artery to minimize shunting. A left 
thoracotomy is subsequently performed to complete the resection.63

Experience using a median sternotomy to perform a left sleeve pneumonectomy has been limited to low-grade tumors (such as adenoid cystic carcinoma) and is 
unlikely to provide adequate exposure in the case of a central bronchopulmonary carcinoma. Another approach that has been used is the clamshell incision through 
the fourth intercostal space; however, this procedure comes at great physiologic cost to the patient, according to Mitchell. 64

Results

According to the surgical literature, most sleeve pneumonectomies are performed for squamous carcinoma. Most patients are male, with an average age of 55 years. 
Most of these resections are performed for central carcinomas of the right lung.

Anastomotic complications are frequent. Stenosis of the anastomosis can occur, leading to retained secretions and respiratory failure. Dilation and placement of 
endobronchial stents have been successfully used in this setting. In cases with exuberant granulation tissue, YAG laser photoablation should be considered.

Adult respiratory distress syndrome complicating sleeve pneumonectomy continues to be a major problem and has been reported in all series. 56,58,59,63,65 Restriction of 
intraoperative and postoperative fluid intake, prompt clearance of retained secretions, and institution of broadspectrum antibiotics at the first sign of a pulmonary 
infiltrate are important measures to minimize this risk.

The operative mortality, even in this select group of patients, is significant, ranging from 11% to 25% 64,65,67,68,69; the RPSL overall operative mortality is 23% (10/43) for 
sleeve pneumonectomy, 20.5% (8/39) for right sleeve pneumonectomy.61 Candidates for this procedure should therefore be carefully chosen, and surgeons should 
know the many aspects of the postoperative care and management of complications as well as the technique of the procedure.

In the largest published series, Dartevelle and colleagues 69 reported a 23% (6/55) five-year survival. In their series, there was a difference in survival in patients with 
involved subcarinal nodes (mean survival, 33 months) compared to those with involved paratracheal nodes (mean survival, 11 months). In the RPSL series of 43 
sleeve pneumonectomies (including patients with positive mediastinal nodes), the five-year survival was 19%. 60,61

The largest experience with left sleeve pneumonectomy for carcinomas was reported by Gilbert and colleagues. 66 Of the five cases reported, three patients had 
staged thoracotomies and an additional two had a local recurrence in the left mainstem bronchial stump. There were no operative deaths; three patients lived for at 
least 2 years; and one patient lived for at least 4 1/2 years.

Local recurrence is a well-recognized late complication if adjuvant radiotherapy has not been used. Some have advocated postoperative radiotherapy. The most 
common cause of death is systemic recurrence. To minimize the risk of local recurrence, the risk of distant metastases, and the incidence of incomplete resections, 
preoperative chemotherapy and radiotherapy should be used in these T4 carcinomas. 60 Preliminary experience in the RPSL protocol indicates that, in most cases, 
significant tumor shrinkage occurs with little or no deleterious effect on anastomotic healing. These resections, however, require considerable clinical judgment and 
should only be performed by experienced thoracic surgeons who are able to recognize and manage the various intraoperative and postoperative complications.

RESECTION OF PORTIONS OF THE SUPERIOR VENA CAVA (SEE ALSO CHAPTER 62)

The SVC may be invaded directly by a carcinoma arising in the anterior segment of the right upper lobe or secondarily by tumor metastatic to the right paratracheal or 
right tracheobronchial angle nodes (Figure 38.7). Traditionally, involvement of the SVC has been a criterion of unresectability. Early attempts to resect a portion of the 
SVC involved clamping and direct repair and provided discouraging results, in part attributed to cerebral venous congestion and hypoxic injury. 70 Therefore, both 
external bypass and internal shunts have been devised to maintain cerebral drainage while resection and reconstruction is being performed. 71,72 and 73



FIGURE 38.7. Posteroanterior radiograph demonstrating a large, central adenocarcinoma with associated mediastinal adenopathy involving the superior vena cava. 
Note the volume loss of the right lung.

During the past 15 years, there has been considerable experience using these techniques for the resection of bulky mediastinal tumors and selected primary lung 
carcinomas, particularly in patients who underwent adjuvant therapy. Accumulating laboratory and clinical evidence suggests that simple clamping of the SVC can be 
tolerated in most patients for periods longer than 30 minutes without neurologic deficiency, 73,74,75,76 and 77,79,80 provided no associated hypotension is present. Nakahara 
and colleagues74 advocated selecting patients for shunting on the basis of subclavian venous pressure greater than 40 cm H 2O. Based on its experience, however, 
RPSL continues to advocate an SVC bypass whenever technically possible to minimize the risk of cerebral venous congestion. 78,81

The indication for resection and reconstruction of the SVC is restricted to tumors confined to the thorax otherwise considered to be resectable, with involvement of the 
SVC that is technically resectable. In most cases, resection of a portion of the SVC wall is all that is necessary, and this can be reconstructed with a patch. When the 
tumor encases the SVC, complete resection and reconstruction with a tube graft of 18 or 20 mm polytetrafluoroethylene (PTFE) is necessary. 76,77 The superior 
anastomosis is performed first, and the graft is flushed of air prior to completing the anastomosis at the cardiac end of the graft. When the SVC is obstructed from 
mediastinal involvement of carcinoma of the lung, however, most agree that resection is contraindicated.

Technical Considerations

Whenever involvement of the SVC is suspected, central venous catheters should be avoided because this compromises venous control. Through a posterolateral 
thoracotomy, the involvement of the SVC is assessed before committing to a major pulmonary resection. The azygos vein is routinely divided. Umbilical tapes are 
passed around the innominate veins or the SVC above the tumor. The pericardium is opened close to the hilum, sparing the phrenic nerve if possible. The surgeon 
must then assess the intrapericardial extent of the tumor, including the proximal right pulmonary artery and involvement of the carina. A Rumel tourniquet should be 
placed proximal to the atriocaval junction to avoid potential injury of the sinoatrial node.

The pulmonary resection is performed first. Although an en bloc resection is ideal, if the tumor is bulky, the specimen may be transected, leaving tumor on the SVC. 
With the pulmonary specimen out of the surgical field, the resection of the SVC is greatly facilitated.

If the planned resection is limited to a portion of the SVC wall, a 20F thoracostomy tube is prepared to serve as an internal venous shunt ( Figure 38.8). The distal end 
of the tube must be trimmed so that only two or three side holes remain and are beyond the proximal innominate tourniquet. The tube is then measured against the 
length of the SVC and the right atrium. A proximal side hole is then cut in the tube to allow the shunted venous blood to drain into the atrium.

FIGURE 38.8. Operative views of (A) placement of an internal shunt and isolation of the superior vena cava (SVC) with tumor invasion of the wall; (B) resection of the 
wall of the SVC, leaving the uninvolved medial wall intact; (C) closure of the defect with a patch of pericardium; and (D) removal of the shunt with distension of the 
SVC without narrowing.

The patient is then anticoagulated with 5000 U sodium heparin, and a pursestring suture is placed in the side wall of the right atrium. A small incision is made in the 
right atrium, and the clamped chest tube is advanced through the right atrium and up the SVC. Once the tourniquets are at the atriocaval junction and the innominate 
veins are tightened, the SVC should be effectively isolated and can be opened. The affected portion of the SVC can then be safely resected, in most cases, retaining 
a portion of the medial wall to allow a patch closure ( Figure 38.9). Although some surgeons have experience using prosthetic material, 74,75 and 76,80,81,82 and 83 others 
prefer using autologous pericardium, primarily because of the decreased thrombogenicity ( Figure 38.10). Bypass of the SVC for SVC syndrome is covered in detail in 
Chapter 43.

FIGURE 38.9. Operative photograph showing wall of superior vena cava resected and tourniquets in place. Note the placement of the shunt through the right atrium at 
the left of the photograph, with tourniquet in place ( arrow).



FIGURE 38.10. Operative photograph in same patient as in Figure 38.9 after placement of pericardial patch (arrows) and removal of shunt.

Results

On reviewing the surgical literature, fewer than 50 cases of SVC resection for pulmonary carcinoma have been reported, many with limited follow-up.

Long-term patency of the SVC after reconstruction has been documented by venography 79 and clinical follow-up, including autopsy. 75 However, thrombosis is a 
recognized complication of spiral vein grafts when used in benign disease to shunt the SVC 82,84 and in SVC reconstruction for bulky mediastinal malignancies. 76 On 
the basis of this experience, most surgeons choose to anticoagulate patients with sodium warfarin (Coumadin) for at least 3 months.

Analysis of the survival of patients undergoing resection of the SVC is, at best, limited. The largest series consist of six or fewer cases. In many cases, the SVC 
resection was part of a larger procedure. In two of three patients in Nakahara's series, 74 one of six patients in Dartevelle's series, 75,76 and one of six in the RPSL 
series,78,81 the SVC resection was combined with a right sleeve pneumonectomy.

The prognosis for these patients is guarded. In the experience of the Memorial Sloan-Kettering Cancer Center, 46 no five-year survivors were among 18 patients 
undergoing en bloc resections of the SVC. In the experience of Dartevelle and colleagues, 75 three of six patients survived beyond 1 year, and the 3-year survival was 
33% (2/6). In the RPSL series,78,81 three of nine patients presently with lung carcinoma are alive and free of disease more than 5 1/2 years after resection; Inoue and 
colleagues79 and Dartevelle and colleagues 75,76,85 have each reported five-year, disease-free survivors after SVC resection. Most of these five-year survivors had 
adjuvant chemotherapy and radiotherapy.78,79,81

Although SVC resection and reconstruction are technically possible in patients presenting with SVC occlusion, Dartevelle and colleagues 75,76 believe that the 
presence of extensive thrombosis and collateral venous drainage are contraindications to reconstruction. Mori and colleagues 83 reported on two patients with primary 
pulmonary tumors presenting as SVC obstruction who underwent resection and reconstruction with ringed PTFE grafts. Neither patient developed recurrence of the 
SVC obstruction; one was alive at 7 months, and the other died 22 months after resection from massive hemoptysis. Certainly, the presence of an SVC syndrome 
carries a poor prognosis, and SVC resection and reconstruction should be performed in only select cases.

Most of these patients die from distant metastases. According to Dartevelle and colleagues, 75 neither of the two patients who presented with N2 nodal metastases 
survived beyond 8 months. One of three patients reported on by Nakahara and colleagues 74 presented with N2 nodal involvement and died 5 months later with 
systemic metastases. Yoshimura and colleagues3 reported on one patient with N2 nodal metastases who died with a cerebral metastasis 3 months later. The survival 
is better for patients with N1 or N0 disease. For these reasons, adjuvant chemotherapy and radiotherapy should be instituted preoperatively in these T4 carcinomas, 86

 and every attempt should be made to exclude distant metastases before resection.

EXTENDED RESECTIONS FOR SUPERIOR SULCUS TUMORS

Since the early 1960s, the role of surgical resection of superior sulcus tumors has been established (see also Chapter 39). Contraindications to surgery have been 
the presence of distant metastases, extensive involvement of the brachial plexus, and extensive involvement of the paraspinal extension, including involvement of the 
intervertebral foramina or the bodies or laminae of the thoracic vertebrae. Likewise, the involvement of the subclavian artery or vein, while distinctly uncommon among 
these tumors, has been traditionally regarded as a criterion of unresectability. Resections “extended” beyond those classically performed for superior sulcus tumor 
have included carcinomas involving the transverse process, or up to one-fourth of the vertebral body, and anterior tumors involving the subclavian vessels. Although 
experience with these resections is still limited, the techniques involved and the preliminary results merit review.

Similar to all other extended surgical procedures, careful preoperative planning is of the utmost importance. Involvement of the head of the rib, the transverse 
process, and the vertebral body should be assessed by CT scan or MRI. Extension into the spinal canal, with or without cord compression, is a sign of unresectability. 
If the tumor extensively destroys the body, then it is considered inoperable, but a tumor that simply abuts the vertebral body should be considered for resection. 
Extension into the intervertebral foramen must be anticipated to avoid excessive traction on the nerve root or bleeding in this region.

Anteriorly, tumor metastatic to the scalene node is a criterion of inoperability. Extensive involvement of the brachial plexus is a relative contraindication to surgical 
resection. Although some consider the involvement of N2 nodes to be a contraindication to surgery, others believe that these cases should be entered in a trial of 
preoperative combination chemotherapy and radiotherapy, and restaged before resection. 86

Technical Considerations

Extended Posterior Resections

The operative approach in patients with extensive posterior disease is through a high posterolateral thoracotomy, dividing the trapezius and rhomboid muscles as well 
as the latissimus dorsi and the serratus anterior to provide optimal exposure. The pleural space is entered early in the procedure to assess the pulmonary component 
of the tumor. The chest wall resection is performed before the pulmonary resection because exposure of the hilum is limited. The superior and posterior components 
of the dissection are determined by the extent of the tumor mass. The scalenus anterior and medius are divided either at the insertion onto the first rib or higher if 
necessary. The affected ribs, intercostal muscles, and vessels are divided anterior to the tumor mass, and the first rib is pulled inferiorly to expose the superior extent 
of the tumor. The subclavian vessels are identified and dissected off the first rib. Dissection of the subclavian artery off the tumor mass may be tedious but can usually 
be accomplished through an adventitial plane. Occasionally, branches of the subclavian artery have to be sacrificed, including, on occasion, the vertebral artery. 87 
The lower trunk of the brachial plexus must then be identified and examined for tumor involvement. If any question exists about the ability to save the T1 or C8 nerve 
root, division may be deferred until further dissection of the posterior elements.

Division of the posterior elements begins inferiorly by rotating the chest wall anteriorly and retracting the erector spini complex posteriorly. If the transverse process is 
not involved in the tumor mass, then the costotransverse junction is opened using a periosteal elevator, and the rib is rotated anteriorly. The intercostal nerves and 
vessels are then ligated and divided. Bipolar cautery should be used near the intervertebral foramina. The tumor is then elevated off the thoracic spine. The 
transverse process can be resected using rib shears. If the transverse process or the vertebral body is involved, an osteotome is used to complete the resection, 
approaching the body tangentially from the posterolateral aspect ( Figure 38.11 and Figure 38.12). Up to 25% of the vertebral body can be removed without 
compromising spinal support. Walsh, et al. reported four cases of Pancoast tumor with extensive involvement of the thoracic spine, necessitating resection up to 
one-half of the vertebral body at several levels. 88 The spine was reconstructed for stability. In the Walsh experience, complete resection was accomplished; however, 
patients had poor outcome secondary to ventilator dependence and radiation pneumonitis. Dartevelle has resected seven such patients with spinal reconstruction, 
and six are alive without recurrence with a median follow-up of 1 year. 69



FIGURE 38.11. Posteroanterior radiograph illustrating a squamous carcinoma with extensive involvement of the posterior chest wall. Note destruction of the posterior 
aspect of the second rib (arrow).

FIGURE 38.12. CT scan of same patient as in Figure 38.11 demonstrating destruction of the rib and the transverse process ( arrow), but without involvement of the 
vertebral body.

The sympathetic chain is divided. As the head of the first rib is approached, the serratus posterior is divided, and the status of the C8 and the T1 nerve roots can be 
further assessed. If one or both are involved, they should be divided at this point. Division of the C8 nerve root causes some loss of sensation over the inner aspect of 
the arm to involve the fifth finger and part of the fourth finger.

Extended Anterior Resections

If, clinically or radiologically, the carcinoma is assessed to involve the subclavian vessels extensively and predominantly, an anterior approach is indicated. The 
anterior approach should be reserved for those cases in which the posterior chest wall is largely spared.

The patient is placed in the supine position, with the neck extended and the head turned to the uninvolved side. An L-shaped incision is made, with the vertical limb 
over the anterior border of the sternocleidomastoid muscle and the horizontal limb over the inferior aspect of the medial end of the clavicle. The sternocleidomastoid is 
dissected off the clavicle. The scalene fat pad is dissected out and examined microscopically to assess for metastatic disease. If the tumor is deemed resectable and 
the scalene node is free of metastasis, then the medial third of the clavicle is resected to provide excellent exposure of the subclavian vessels, according to the 
Dartevelle technique. Nazari et al. and Spaggiari have performed this resection by disarticulating the clavicle, dividing and reconstructing the clavicle at the 
completion of the case or dividing the manubrium 89,90 and 91 (Figure 38.13). On the left side, dissection of the subclavian vein is begun with ligation of the thoracic duct. 
Ligation and division of the internal jugular vein affords excellent exposure of the innominate and the distal subclavian veins. Direct tumor invasion of the subclavian 
vein does not preclude resection; a segment of the subclavian vein can be resected en bloc with the specimen after proximal and distal control is achieved. 
Reconstruction of the vein is not necessary.

FIGURE 38.13. PA radiograph after anterior and posterior approaches to a Pancoast tumor with reconstruction of the left clavicle.

Attention is then turned to the subclavian artery and its branches. After proximal and distal control is achieved, branches, including the internal thoracic artery, the 
thyrocervical trunk, and, if necessary, the vertebral artery, can be ligated and divided. Often, the subclavian artery can be dissected off the tumor mass using a 
subadventitial plane. If the tumor mass invades the wall of the subclavian artery, then a segment of the artery can be resected with the specimen; revascularization is 
usually accomplished by end-to-end anastomosis without prosthetic material, but in some cases, an arterial graft is necessary. Most experience has been with 
PTFE.87

The scalenus medius is divided remote from the tumor mass. The branches of the brachial plexus are then dissected from the distal branches back to the spinal 
foramina, depending on the level of tumor involvement. The sympathetic chain, the heads of the ribs, and the vertebral bodies are then exposed; the first and second 
ribs can often be divided behind the mass.

Improved exposure to the posterior aspect of the tumor can be achieved if the incision is extended into the deltopectoral groove, according to Dartevelle and 
colleagues.87 If both anterior and posterior exposure is necessary, then the anterior dissection is performed first, and the resection is completed using a posterolateral 
thoracotomy.

Results

Reported surgical experience with these extended posterior surgical resections has been limited. According to Shaw and colleagues, 6 DeMeester and associates,92 
Wright and colleagues, 93 and Paulson and coworkers,94 minimal additional operative morbidity or mortality occurred in patients who underwent extended posterior 
resections (including resections of the transverse process or a portion of the vertebral body) when compared to the more traditional resections.



Despite the extent of disease, according to DeMeester and colleagues, 91 only 3 of 12 patients with tumor adherent to the vertebral column developed local 
recurrence, and the overall five-year survival was 42%.

Most patients die from distant metastatic disease. According to Paulson and colleagues, 94 few patients survive beyond 2 years with an extended posterior resection. 
This view is shared by Santori and colleagues, 95 who reported that none of eight patients with vertebral body erosion survived beyond 1 year. According to Wright and 
associates,93 vertebral body involvement does not preclude long-term survival, but none of their five patients demonstrated bony destruction by CT scan 
preoperatively. In that series, one of five patients was alive 36 months after resection of a portion of the vertebral body. DeMeester and colleagues 92 reported 
experience with 12 patients with tumors abutting the spine. The resected specimens were decalcified and assessed regarding the level of invasion; neither of the two 
patients who had cortical bone destruction survived beyond 3 months, whereas of six patients with tumor confined to the vertebral periosteum, two patients survived 
beyond 5 years, and two others were alive 1 to 5 years after resection. Accordingly, the most favorable results are seen in tumors without obvious destruction of the 
vertebral body. Although CT scans are sometimes helpful in identifying bony destruction, they are not entirely reliable in ruling it out. MRI may be marginally superior 
to CT in demonstrating bony destruction.96

Combined radiotherapy and surgery provides better palliation of pain in these patients than irradiation alone. Moreover, these survival statistics are a vast 
improvement over the results of radiotherapy alone with a local recurrence rate of more than 50% among which there are no two-year survivals. 97,98

The largest experience with extended anterior transcervical–thoracic resections has been reported by Dartevelle and colleagues. 87 These authors reported no 
significant operative morbidity and no mortality in 29 patients, 20 of whom also underwent a posterolateral thoracotomy to complete the posterior part of the resection. 
Twelve of the 29 patients had involvement of the subclavian artery or its branches, and nine of these patients required reconstruction. The branches of the subclavian 
artery, including the vertebral artery, have been successfully ligated without cerebrovascular insufficiency, provided the patient has good collateral flow. 87 
Revascularization of the subclavian artery, however, is imperative because radiotherapy and division of the upper intercostal vessels compromise collateral flow to the 
arm. Without vascular reconstruction, there have been several reports of ischemic gangrene of the forearm. 93,94 Dartevelle and associates87 reported on one of nine 
patients reconstructed with an unringed PTFE graft who developed a late graft occlusion, and therefore they recommend using a 6- or 8-mm externally supported 
PTFE graft when an end-to-end anastomosis cannot be safely performed.

Similar to the experience of extended posterior resections, long-term pain control is better after an extended anterior resection (with or without a posterolateral 
thoracotomy) than with irradiation alone. The incidence of local recurrence was reported by Dartevelle and associates 87 to be 7% (2/29), and the survival ranged from 
4 to 137 months.

The two- and five-year survival statistics were 50% and 31%, respectively, as reported by Dartevelle and colleagues. 87 According to Wright and colleagues, 93 one of 
four patients with documented invasion of the subclavian artery was alive 29 months after complete resection and reconstruction. The most common cause of death is 
metastatic disease, the most common site being the brain.

Most believe that 3,000 to 4,500 cGy radiation delivered preoperatively shrinks the tumor, providing a wider margin of resection and decreasing the number of 
imcomplete resections. Several authors have emphasized the prognostic significance of achieving a complete resection. Shahian has examined the value of providing 
additional postoperative radiation therapy in patients who were found to have incomplete resections and/or positive mediastinal nodes. Hilaris et al. have examined 
the value of providing brachytherapy at the time of surgery to improve local regional control. 99 More recently, Ginsberg et al. were unable to show any improvement in 
five-year survival by providing brachytherapy in patients undergoing incomplete resection. 100

In the absence of mediastinal adenopathy, some6,90,94,97 believe that 3,000 to 4,500 cGy preoperative radiotherapy shrinks the tumor and provides a wider resection 
margin; Shahian and colleagues 101 suggested that there may be an advantage to giving additional postoperative radiotherapy if the resection is incomplete, or if 
positive mediastinal nodes are discovered at the time of resection. Trials of combined preoperative chemotherapy and radiotherapy are being conducted to improve 
the incidence of local control, distant recurrence, and five-year survival in these T3 and T4 tumors.

Most consider the presence of mediastinal lymph node metastases as a contraindication for these extended resections. RPSLMC advocates treating these patients 
with preoperative adjuvant chemotherapy and radiotherapy. Preliminary results using this combined modality are encouraging. 86

Miscellaneous Extended Pulmonary Resections

Although the early literature alludes to the practicality of extending pulmonary resections to include portions of the muscular wall of the esophagus, the diaphragm, 
and the aorta, no operative mortality and long-term survival statistics could be provided. 3,19,20 During the years that followed, occasional cases involving resections of 
the muscular wall of the esophagus appeared without a long-term survivor 45,102,103 (Figure 38.14 and Figure 38.15). Burt and colleagues47 reported the only five-year 
survival in a patient with pulmonary carcinoma involving the esophageal wall.

FIGURE 38.14. CT scan illustrating an adenocarcinoma of the right lower lobe with extensive subcarinal adenopathy.

FIGURE 38.15. Operative photograph of same patient as in Figure 38.14 demonstrating en bloc resection of the muscular wall of the esophagus with the subcarinal 
mass after preoperative chemotherapy and radiotherapy. White arrows identify the edge of the muscular wall; black arrow indicates bronchial stump.



Experience with tumors fixed to the aorta has been more limited but equally discouraging. The two largest series 47,50,51 reported on a combined experience with 27 
patients who underwent en bloc resection of the aorta; no patient survived beyond 2 years. Nakahara and colleagues 74 reported that one of three patients who 
underwent en bloc resection of the aortic arch survived disease-free for 17 months. If such resections are to be undertaken, the surgeon must be prepared to perform 
cardiopulmonary bypass in order to resect and graft the aorta because resections limited to the subadventitial plane are often found to be incomplete. 50,74,104,105 
Clearly, such aggressive resections should be reserved for exceptional cases.

In contrast to the incidence of chest wall involvement, pulmonary tumors rarely directly invade the diaphragm. Although the option to resect portions of the diaphragm 
was acknowledged as far back as 1959,3 only a few case reports have appeared44,45,103 (Figure 38.16, Figure 38.17 and Figure 38.18). Others106,107,108,109 and 110 have 
explored the option of extrapleural pneumonectomy and hemidiaphragmectomy in the presence of an associated malignant pleural effusion, with predictably poor 
results.

FIGURE 38.16. Lateral radiograph demonstrating a carcinosarcoma of the left lower lobe and obscuring the diaphragm.

FIGURE 38.17. CT scan of same patient as in Figure 38.16 showing tumor obscuring tissue planes between diaphragm and spleen.

FIGURE 38.18. Operative photograph of same patient as in Figure 38.16 showing tumor invasion across the diaphragm and directly invading the spleen, removed en 
bloc.

BRONCHIAL SLEEVE LOBECTOMY

A sleeve resection of the bronchus is indicated when tumor approximates or involves the lobar orifice so that a standard lobectomy leaves a positive bronchial 
resection margin.

Bronchoscopy is often the first examination that alerts the surgeon that the tumor may not be completely resected using a standard lobectomy. Pertinent findings 
include mucosal changes of corrugation, erythema, and dilated submucosal vessels at the lobar orifice, which are all indications of submucosal infiltration of tumor. 
More obvious findings include gross extension of polypoid endobronchial tumor to or beyond the lobar orifice and thickening of the lobar spur. Compression or 
distortion of the bronchial orifice indicates extrinsic disease. The thoracic surgeon is obliged to perform a repeat bronchoscopy, possibly at the time of thoracotomy, if 
the same surgeon did not perform the initial bronchoscopy. This is especially true in patients with compromised cardiopulmonary reserve, who require a lung-sparing 
operation.

Patients with central tumors should have a CT scan, which often alerts the surgeon to the need for a resection beyond a standard lobectomy. The tumor mass may be 
seen extending to the mainstem bronchus or obliterating the normal tissue plane of the main pulmonary artery. Correlating the bronchoscopic and CT or MRI findings 
is important in planning the resection. 111

In addition, mediastinal nodes greater than 1.5 cm indicate the need for mediastinoscopy. Involved contralateral mediastinal nodes and extension of tumor beyond the 
capsule of superior mediastinal nodes contraindicate resection. If the tumor is limited to ipsilateral or subcarinal nodes, the patient should be considered for a program 
of adjuvant chemotherapy and radiotherapy.

Patients older than 65 years and those with compromised cardiopulmonary reserve are ideal candidates for sleeve lobectomies. The elderly do not tolerate a 
pneumonectomy well, and every attempt should be made to perform a lesser resection whenever technically possible. A predicted postoperative FEV 1 of less than 1 L 
is a good predictor of complications after a pneumonectomy, and preservation of lung tissue in this setting is of paramount importance. Preoperative pulmonary 
function studies, quantitative ventilation–perfusion lung scans, and a full cardiac evaluation are necessary in the compromised patient.

Despite the preoperative assessment, the patient and the family must be made aware that, for technical or anatomic reasons, a pneumonectomy may become 
necessary, with its attendant increased morbidity and mortality. There are too many instances in which a sleeve lobectomy is planned when a pneumonectomy is 



required.

Technical Considerations

The performance of a bronchoplastic procedure requires one-lung ventilation. The surgeon should be able to perform preoperative or intraoperative bronchoscopy, 
and the choice of endotracheal tube should be discussed with the anesthesiologist. An uncut, single-lumen endotracheal tube can be advanced down the 
contralateral mainstem bronchus. For left thoracotomies, the tube is easily passed down the right mainstem bronchus. Under bronchoscopic control, the side hole is 
positioned at the right upper lobe to ensure that the entire right lung is ventilated. For procedures on the right side, the endotracheal tube is advanced down the left 
mainstem bronchus intraoperatively. This technique allows the surgeon to use a standard flexible bronchoscope, with excellent optics to visualize the anastomosis, 
and a 2.2-mm instrument channel to aspirate blood and secretions from the distal airway. Increased minute ventilation minimizes hypercarbia, and oxygenation is well 
maintained despite shunting through the nonventilated lung. Occlusion of the pulmonary artery is not required. High-frequency ventilation is usually not necessary.

A double-lumen endotracheal tube also permits satisfactory one-lung anesthesia and is preferred by many. The anesthesiologist must be experienced in placing these 
tubes, and it is necessary to have a pediatric bronchoscope available to confirm proper positioning. Although this instrument can be used to inspect the anastomosis, 
secretions and clots cannot be easily aspirated. Furthermore, patients who need continued ventilation in the recovery room require replacement of the double-lumen 
tube with a standard single-lumen tube.

The Univent tube is often unsatisfactory for a right-sided sleeve resection because the blocker is positioned too close to the upper lobe orifice. Furthermore, the 
blocker has a tendency to migrate proximally and can act as a ball valve at the tip of the endotracheal tube.

Through a posterolateral or a muscle-sparing lateral thoracotomy, the hilum is explored. Operative dissection of the bronchus is performed with careful attention to the 
bronchial arteries. The thoracic surgeon must be aware of the normal and variant locations of the bronchial arterial supply of the right and left mainstem bronchi. To 
safeguard this blood supply, the bronchus must not be denuded or skeletonized. When dissecting level 5 and 6 lymph nodes, it is important not to injure the left 
bronchial artery, which arises under the transverse aortic arch. Careful dissection of the subcarinal nodes is required because branches of the bronchial arteries are 
always located in this area. When dissecting out level 7 nodes on the right side, care must be taken not to injure a branch of the bronchial artery that passes through 
the subcarinal area posterior and lateral to the right mainstem bronchus.

The branches of the pulmonary artery are isolated with care. The primary tumor or hilar nodes often abut the lobar arterial branches. On occasion, however, tumor 
may invade or encase the artery, which may require arterioplasty or a pneumonectomy (see later). If difficulty is encountered in this part of the dissection, it is wise to 
obtain proximal control of the artery. Some have advocated reconstruction of the bronchial defect using a bronchial flap to avoid complete transsection of the 
bronchus. However, an unacceptably high incidence of kinking and distortion of the bronchus has occurred using this method. 112,113

Once one-lung ventilation is obtained, the bronchus is transected using a #15 blade to ensure a clean, straight margin. No attempt is made to bevel the distal 
bronchus to accommodate the larger mainstem bronchial orifice. Immediately after removal of the specimen, frozen sections of the proximal and distal bronchial 
margins are obtained. If a positive resection margin is discovered, the surgeon must decide whether an additional bronchial margin can be safely obtained or whether 
a pneumonectomy is necessary. The resection of additional bronchus may put undue tension on the anastomosis. Care must be taken that resection of additional 
distal margin does not compromise a segmental bronchus of the remaining lung. Under these circumstances, it may be prudent to perform the pneumonectomy rather 
than risk anastomotic complications.

The bronchial anastomosis is performed using simple sutures of 3-0 or 4-0 polyglycolic acid. The anastomosis is started by placing two or three simple sutures at the 
medial junction of the cartilaginous and membranous portions of the bronchus. These sutures are tied, placing the knots on the outside of the bronchus and bringing 
the cartilaginous rings together. These sutures are placed to minimize tension and to allow accurate placement of the remaining sutures. The remaining sutures are 
then serially tied as they are placed to approximate the cartilaginous rings. Luminal disparity is addressed when closing the membranous bronchus, as illustrated in 
Figure 38.19. No attempt should be made to compensate for lumen disparity by oblique placement of the sutures because this causes bronchial distortion and risks 
tearing of the tissue from uneven tension. Not infrequently, the distal bronchus “telescopes” into the proximal bronchus, causing some compromise of the lumen size, 
but this technique may provide additional security of the anastomosis.

FIGURE 38.19. Operative drawings illustrating the technique of bronchial anastomosis. A: The first suture is placed at the corner of the bronchus to provide 
orientation. B: The cartilaginous rings are approximated using simple sutures and avoiding telescoping. C: Discrepancy in the lumen size is addressed when closing 
the membranous bronchus. D: A pleural wrap is performed to seal the anastomosis and cover the knots, protecting the adjacent pulmonary artery.

The practice at RPSL is to encircle the bronchial anastomosis with a broad-based pleural flap or with a pedicled anterior mediastinal fat pad. This tissue protects the 
pulmonary artery from erosion by the knots of the anastomotic sutures and minimizes the complications of a minor anastomotic leak. Others, 112,113 and 114 however, have 
provided experimental evidence that a pleural flap actually impedes revascularization of the anastomosis. More recently, Kutlu and Goldstraw have reported their 
series of 100 patients undergoing a bronchial anastomosis using a continuous suture technique with an acceptable incidence of airway stenosis. 115

Results

According to several large series, the mean age of patients undergoing sleeve lobectomies is 60 to 65 years, with a strong male predominance. Approximately 75% of 
tumors are classified as squamous carcinoma. The most common site is the right upper lobe, followed in frequency by the left upper lobe and the left lower lobe. Other 
bronchial sleeve resections have been described, including right upper and middle lobe, right middle and lower lobe, right middle lobe and superior segment, and 
even right upper, middle, and superior segment resections, anastomosing the basal segments to the mainstem bronchus. 116

Postoperative complications are mainly related to the anastomosis. Accumulations of clot and secretions at the anastomosis may lead to atelectasis. For this reason, 
blood and secretions should be routinely aspirated from the distal airway in the operating room, and the anastomosis should be inspected. If the distal airway is 
compromised (especially the superior segment of the lower lobe or the middle lobe bronchus), part or all of the anastomosis is refashioned. 117 Tedder and 
associates118 reported the incidence of postoperative atelectasis to be 5.2%. Retained, inspissated secretions may be managed with a minitracheostomy or a daily 
bronchoscopy.

Persistent air leak for greater than 7 days may be evidence of an anastomotic leak. Under these circumstances, the anastomosis must be carefully inspected with a 
fiberoptic bronchoscope. Dehiscence appears as an area of pale discoloration of the bronchial margins, and careful inspection may disclose to-and-fro movement of 
secretions through the bronchial wall. Careful judgment must be used to determine the next course of action. If the leak is small and more than half of the anastomosis 
is intact, then judicial observation, leaving the chest tubes in place, may be the best option, particularly if the anastomosis was wrapped with a pleural flap. An 
empyema can usually be avoided. If more than half of the anastomosis is in jeopardy, or if a large leak is evident with an air space around the anastomosis, a 
completion pneumonectomy should be performed. An abscess at the anastomosis can erode into the pulmonary artery; therefore, proximal control of the pulmonary 
artery must be achieved early on reoperation. When close attention is paid to the details of the anastomotic closure, including the preservation of the bronchial arterial 



supply and wrapping of the bronchial anastomosis, only about 6% of patients require completion pneumonectomy for complications relating to the bronchial 
anastomosis.117

The operative mortality rates vary widely in reported series, in part because of controversy over indications for the procedure. 116,117,118,119,120,121,122,123,124 and 125 The 
mortality rates are as low as 2%.117 The mortality rate has been reported to be as low as 2%.117 The long-term survival is primarily determined by the nodal status. 
Excellent long-term functional results have been reported by Gaissert et al. and Van Schil et al. 119,120

PULMONARY ARTERIOPLASTY WITH PULMONARY RESECTION

Some patients considered to be candidates for pulmonary resection are found to have tumor invading or encasing the pulmonary artery or its branches. This finding 
may be on the basis of direct invasion by the pulmonary tumor, or the artery may be invaded by tumor metastatic to the lobar or mediastinal nodes. Occasionally, 
involvement of the wall of the pulmonary artery can be suspected on the basis of preoperative pulmonary arteriography or CT scan. 29 In most cases, however, 
involvement of the artery is first discovered intraoperatively.

When a sufficiently long segment of artery is available, a segment of the artery can be resected along with the lung and reconstructed using a variety of techniques. 
Such reconstructive operations on the pulmonary artery were first discussed by Allison in 1954. 126 In 1959, Johnston and Jones127 reported their experience with 
sleeve resections, including eight resections of the pulmonary artery. Wurning, 128 Pichlmaier and Spelsberg,129 and Vogt-Moykopf and colleagues130,131 and 132 further 
explored the techniques of pulmonary angioplastic reconstruction. Other reports have further popularized pulmonary arterioplasty. 133,134,135,136 and 137

Because a much longer segment of pulmonary artery is available for reconstruction on the left side, most experience has been with carcinomas arising from the left 
upper lobe. However, right-sided resections and reconstructions have also been performed. 127,128,129 and 130,133,136,137

Technical Considerations

When exposing the hilum, the pulmonary artery is explored proximal and distal to the area of suspected involvement. On the left side, an adequate length can usually 
be obtained by dividing the ligamentum arteriosum. On the right side, the pulmonary artery may have to be dissected out behind the SVC, or using the intrapericardial 
approach.

The artery is encircled proximally and distally. If only a small portion of the arterial wall is involved, umbilical tapes are passed around the artery distal to the involved 
segment and secured with a Rumel tourniquet. In this setting, tapes are preferred because they are less likely to traumatize the pulmonary arterial wall. If greater 
portions of the artery are involved, vascular clamps should be used because they are less likely to distort the artery during reconstruction. Great care must be taken 
when applying even a soft atraumatic clamp to the proximal pulmonary artery because these vessels are often sclerotic and the intima is easily torn. If sufficient length 
of pulmonary artery is not available to achieve distal control of the artery, then the lower lobe vein can be secured with a Rumel tourniquet or a vascular clamp. 
Collateral bronchial flow, however, may still compromise exposure.

Uninvolved upper lobar branches of the pulmonary artery are ligated and divided to facilitate mobilization and exposure. The pulmonary vein draining the involved 
lobe is dissected out and ligated to minimize back-bleeding. The bronchial dissection is then completed.

Then, 5000 U of heparin is given, and vascular control is achieved. If a bronchial sleeve resection is indicated, then the mainstem bronchus is divided, resecting a 
portion of the wall of the pulmonary artery. If the artery is more extensively involved, then it may be transected, dividing the distal pulmonary artery tangentially to 
minimize any discrepancy in the lumen size. The bronchial anastomosis is performed first to avoid placing undue tension on a completed vascular suture line.

If only a segment of the arterial wall is resected, then care must be taken that simple oversewing does not leave the artery significantly narrowed. If more than 
one-third circumference of the wall is resected, then the defect should be closed using a patch of pericardium 29,61,136,137 (Figure 38.20 and Figure 38.21).

FIGURE 38.20. Operative drawings depicting several techniques of pulmonary arterioplasty. A: Proximal and distal control of the pulmonary artery is achieved, and 
the wall is resected. B: If less than one-third of the wall circumference is resected, then the defect may be closed primarily without stenosis. C: If more than one-third 
of the wall is resected, then the defect may be patched. In this case, proximal control is achieved using a vascular clamp to minimize distortion. D: If a short length of 
pulmonary artery is resected, then an end-to-end anastomosis is performed.

FIGURE 38.21. Operative photograph showing a pericardial patch ( white arrows) on the proximal left pulmonary artery under the aortic arch ( black arrow).

If a resection of a short length of artery is indicated, then it should be reconstructed using an end-to-end anastomosis. Care must be taken that the artery is not 
twisted or kinked at the closure and that no tension exists. Continuous-stitch 4-0 or 5-0 polypropylene suture is used for the arterial closure or anastomosis. A flap of 
pleura can be used to encircle and separate the bronchial anastomosis from the vascular suture line.

If a length of pulmonary artery is resected so that an end-to-end anastomosis cannot be performed without tension, then an interposition graft may be necessary. 
Saphenous vein, Dacron, and PTFE grafts have been used successfully. 134,135 Alternatively, a bronchial sleeve can be resected to minimize tension on the vascular 
anastomosis, as proposed by Vogt-Moykopf.130,131 and 132



The tip of the chest tube should be directed away from the field of dissection. The heparin is not reversed at the conclusion of surgery, but the patient is not 
anticoagulated further.

Results

Although the technique of pulmonary arterioplasty was described more than 40 years ago, clinical experience has been limited to a few centers with a total reported 
experience of less than 250 patients. Technically, it is much simpler to perform a pneumonectomy, but this procedure carries greater attendant morbidity and mortality 
and greater pulmonary compromise.

The pulmonary artery remains patent in most cases, as determined by routine postoperative pulmonary angiograms or nuclear perfusion scans. 130,134,136 However, 
thrombosis of the pulmonary artery has been reported, presenting as pulmonary consolidation and fever without bronchial obstruction. At least four cases have been 
reported,127,133,138,139 and in most cases, this is an indication for a completion pneumonectomy. One case, however, was discovered 6 months after surgery in an 
asymptomatic patient who went on to survive for 11 years.138

Vogt-Moykopf and colleagues130 reported a 5% operative mortality for patients undergoing combined bronchial and vascular sleeve resections. The median survival 
for 29 patients undergoing bronchial and vascular sleeve resections was 625 days.

Read and colleagues138 performed six interposition grafts (three saphenous vein, three PTFE) of the left pulmonary artery without thrombosis or infection; four of six 
patients were alive and disease free an average of 17 months after resection. 134 Rendina et al. have reported a series of 68 patients who have undergone 
Cisplatin-based induction chemotherapy and underwent bronchial and/or pulmonary artery reconstruction with excellent results. 136,137,140

SUMMARY

The surgical experience of the last four decades has supported the contention that a complete surgical resection provides the best chance of cure for pulmonary 
carcinomas, even in most of those cases that are locally advanced by virtue of direct extension to mediastinal structures and the chest wall. Perioperative care has 
been vastly improved, resulting in lower morbidity and mortality when compared with earlier results.

The best prognostic factors in these cases are the stage of the tumor and the completeness of the resection. Among stage IIIA carcinomas, T3, N0-1 tumors have a 
better prognosis than T1-2, N2 tumors, according to several reports. 86,141,142 This has also been the experience with sleeve pneumonectomies, for which patients with 
T4, N0-1 tumors have a more favorable prognosis than patients with N2 metastases. The importance of careful staging in these cases is paramount when it comes to 
predicting the outcomes.143 Overall, squamous cell carcinomas and adenocarcinomas appear to have a better prognosis than large cell carcinomas. 144 The risk of 
local recurrence has been minimized by the use of adjuvant external radiotherapy, administered either preoperatively or postoperatively. Intraoperative or 
postoperative brachytherapy has also been employed145,146 and 147 (see also Chapter 43, Chapter 49).

The long-term survival statistics, however, are still disappointing. The most common cause of death continues to be distant metastatic disease. The assumption that 
microscopic metastases are present at the time of presentation has been the main rationale for including chemotherapy in the adjuvant setting. In addition, some 
chemotherapeutic agents are known to act as radiosensitizing agents.
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In 1959, Chamberlain proposed the term “extended resections” to describe operative procedures that were intended to completely resect locally advanced lung 
cancers, and in so doing, distinguish them from the “standard resections,” a term reserved for lobectomies and pneumonectomies. 1 These so-called “extended 
resections” included the resection of lung cancers involving the chest wall. The physiologic consequences and operative techniques involved in resecting and 
reconstructing a portion of the chest wall were, at that time, largely unknown, and the therapeutic value of doing so was controversial. Over the last 40 years, the 
operative techniques of chest wall resection and reconstruction have evolved and become incorporated into the thoracic surgeon's armamentarium. Moreover, the 
prognosis of patients undergoing a complete extirpation by pulmonary and en bloc chest wall resection is so vastly superior to those undergoing nonsurgical therapy 
or incomplete resection that the value of chest wall resections is no longer controversial.

This chapter is devoted to resections of the lung involving the chest wall, including the conventional approach to resecting superior sulcus tumors. The topic of 
alternative operative approaches, including anterior approaches to locally advanced superior sulcus tumors and tumors involving the thoracic spine, is discussed in a 
separate chapter (see also Chapter 38).

PRIMARY LUNG CARCINOMA INVOLVING THE CHEST WALL (EXCLUDING APICAL TUMORS)

Historical Perspective

In 1947, Coleman reported his experience of five patients undergoing pulmonary and en bloc chest wall resections with only one mortality. 2 It was subsequently 
reported that two of these patients survived 8 and 13 years after the procedure. 3,4 This was the first study documenting the feasibility and survival advantage of 
patients undergoing this type of resection. Over the following years, the techniques of resection and materials available for reconstruction improved to the degree that 
the resection of lung cancer involving the chest wall is no longer considered to be an “extended” resection.

It is estimated that 5% of all primary tumors of the lung have, at the time of presentation, involvement of the chest wall. Most of these tumors are classified as T3, and 
thus represent at least stage III disease according to the International Staging System. 5 T4 tumors of the chest wall are distinguished by involvement of the vertebral 
body, involvement of the great vessels (including the aorta, subclavian artery, and vein), or association with a malignant pleural effusion ( Figure 39.1, Figure 39.2).

FIGURE 39.1. Schematic of International Staging System definitions for T3 disease involving the chest wall. Diagram shows chest wall invasion in a nonsulcus 
position (A) and with the superior sulcus presentation (B). (From Mountain CF. A new international staging system for lung cancer. Chest 1986;89:225S, with 
permission.)

FIGURE 39.2. Schematic of International Staging System definitions for superior sulcus tumors, including the Pancoast syndrome. (From Mountain CF. A new 
international staging system for lung cancer. Chest 1986;89:225S, with permission.)



Preoperative Assessment

Chest wall discomfort ranging from a vague ache to a discrete localized pain is a presenting symptom in 37% to 88% of patients. 6,7,8,9,10,11,12,13,14,15,16,17 and 18 On 
occasion, the pain may be referred to the shoulder or anterior to the area of involvement, presumably referred from intercostal nerve involvement. Almost invariably, if 
the patient presents with any chest wall symptom, some degree of chest wall involvement can be anticipated. On the other hand, there are reported cases where a 
patient can present without any chest wall complaint and be found to have periosteal involvement at the time of surgery.

By definition, these tumors are peripheral. Patients who present with a cough, with or without hemoptysis, predictably have large tumors and/or metastases to 
mediastinal lymph nodes. However, presenting symptoms have not been demonstrated to have prognostic significance with respect to resectability or long-term 
survival.

In most patients, a plain posterior-anterior assessment and lateral chest radiograph demonstrates a solitary, peripheral lung mass. In the absence of chest wall 
symptoms, the computed tomography (CT) scan may provide the first evidence that the tumor may involve the chest wall because this relationship may be difficult to 
appreciate on plain films, and the physical examination is seldom revealing. Although CT scans are generally poor in distinguishing pulmonary tumors that are simply 
abutting the chest wall from true chest wall invasion, certain features have been proposed to aid in interpretation. These include contact of tumor against the chest 
wall over a distance of greater than 3 cm, the ratio of pleural tumor contact/tumor diameter, and obliteration of the extrapleural fat plane 19,20 (Figure 39.3, Figure 39.4). 
CT with artificial pneumothorax and expiratory dynamic CT have both been used with some success to increase the diagnostic accuracy, but these techniques are 
rarely justifiable. 21,22 and 23

FIGURE 39.3. Lung cancer invading chest wall, with invasion through the intercostal bundles into the external chest wall musculature. This patient was completely 
resected after mediastinoscopy revealed the absence of N2 involvement.

FIGURE 39.4. Lung cancer with abutment of the pleura and partial obliteration of the fat stripe. Patient was found to have chest wall invasion, requiring en bloc chest 
wall resection.

Thoracic ultrasound has been utilized to detect movement of the tumor against the chest wall. 24 Magnetic resonance imaging may demonstrate a disruption in the 
normal extrapleural fat plane on the T2-weighted images, although distinction between tumor invasion and associated inflammatory changes may be 
impossible.25,26,27,28 and 29 In the final analysis, these tests are not able to reliably predict the degree of involvement of the chest wall, and therefore the surgeon must be 
prepared to make intraoperative decisions about chest wall involvement, and consequently, the best technique of resection.

Ideally, a diagnosis is established prior to embarking on a major chest wall resection. Bronchoscopic examination is usually normal but may reveal extrinsic 
compression of segmental bronchi, and diagnostic material is occasionally provided using this technique. Postbronchoscopy sputum cytology, transbronchial biopsies, 
and brushings have all yielded diagnostic material. Many surgeons prefer to perform the bronchoscopy at the time of resection and establish the diagnosis 
preoperatively by percutaneous fine-needle aspiration.

Percutaneous transthoracic needle aspiration can be performed under fluoroscopic, ultrasound, or CT-directing techniques depending on the size and location of the 
lesion. With fine-needle (21-gauge) aspiration, a diagnostic accuracy of more than 80% has been reported. 30 Implantation of tumor into the subcutaneous tissue of the 
chest wall has been documented but is exceedingly rare. 31 Some surgeons have advocated using 14-gauge needle biopsies to establish a histologic diagnosis with 
lower false-negative and false-positive rates than seen in fine-needle aspiration. 32

Controversy continues over the issue of performing mediastinoscopy to assess the status of the mediastinal nodes. While some surgeons continue to advocate 
routine mediastinoscopy,33,34 and 35 most reserve this study for patients with nodes larger than 1.5 cm, tumors greater than 5 cm, or patients with systemic complaints in 
the absence of extrathoracic metastases.36,37,38 and 39 Similarly, controversy exists about the role of nuclear bone scans and serum alkaline phosphatase. According to 
one study, among patients who were found to have carcinomas with chest wall involvement, only 21% had a positive bone scan and 43% had an elevated serum 
alkaline phosphatase.10 The value of a CT brain scan is also controversial. These tests should be performed in patients with tumors greater than 5 cm, with radiologic 
evidence of mediastinal nodal invovement, complaints consistent with distant metastases, or with a weight loss of greater than 5%.

Preoperative Neoadjuvant Therapy

The role of preoperative radiotherapy has been debated for decades without any clear consensus. Several single-institutional series have been published advocating 
3,000–3,700 cGy to the chest wall. However, most of these reports did not randomize patients, instead selecting those patients with large tumors for preoperative 
therapy in the hopes that a wider margin could be achieved. 15,40

The leading cause of death in these patients is tumor recurrence at distant sites. Therefore, preoperative adjuvant therapy protocols have been modified to 
incorporate chemotherapy in an attempt to improve the long-term survival. 41,42 The preliminary results have been encouraging, especially in cases without mediastinal 
nodal involvement. However, the results of preoperative chemo- and radiotherapy in cases of T3N2 carcinomas have been predictably disappointing. 42 Controlled, 
prospective, and randomized trials are underway to further explore the role of neoadjuvant therapy.



Operative Strategies

The goal of surgery is complete resection of the carcinoma with resection of the involved chest wall and regional nodes with reconstruction, when necessary, to 
minimally compromise respiration.

Most tumors are approached through a standard posterolateral thoracotomy. Occasionally, when the sternum or apex of the chest is involved (superior sulcus 
tumors), the incision has to be modified. The chest wall must be opened so that the surgeon can assess the tumor involvement without compromising the resection. 
Usually, this means entering the chest one interspace below the lowest rib assessed radiologically to be involved by the carcinoma. Once the pleural space has been 
opened, a finger is inserted to confirm the location of the tumor. The muscles of the appropriate intercostal space are then divided. With greater exposure of the mass, 
the degree of chest wall invasion can be assessed. Inflammatory adhesions are usually thin and friable, whereas maligant adhesions are usually broad and firm. If the 
tumor is adherent to the chest wall by only inflammatory adhesions and is completely mobile, then an extrapleural plane is developed 3 to 4 cm from the tumor mass 
and mobilization is begun. By gentle blunt dissection, the tumor can often be dissected completely free of the chest wall, avoiding a formal chest wall resection and 
reconstruction. If resistance is met or if any doubt about the adequacy of the margin exists/then a chest wall resection should be performed. Although the technique of 
extrapleural dissection is widely practiced and studies have supported its use, 10,11,14 some centers have warned about the overuse or inadequacy of this technique, 
impacting on both the incidence of local/regional recurrence and the five-year survival. 34,38

In most cases, the chest wall resection is performed first to allow optimal exposure of the hilar structures. However, when the lung mass is 10 cm or greater, it may be 
easier to perform the pulmonary resection first. Some surgeons have advocated stapling through the lung remote from the tumor and completing the lobectomy after 
the specimen is out.15,43 Others, however, have warned that survival is significantly compromised after discontinuous resection. 19,37

Controversy also exists regarding the margins of the chest wall resection when a formal chest wall resection is necessary. Some surgeons advocate complete 
resection of all involved ribs, plus one rib above and below providing at least a 5 cm margin whenever possible. 9,43 Others have shown that complete resection of an 
involved rib is not necessary, and that a 3 cm margin without resection of adjacent but clearly uninvolved ribs above and below the tumor mass is adequate. 35,36 
Excising overlying chest wall muscles or subcutaneous tissue is rarely necessary.

Recent studies have documented that the incidence of local/regional recurrence in the setting of stage I carcinoma is much lower with a lobectomy than a segmental 
resection.44 Furthermore, some studies have suggested that the postoperative pulmonary function tests performed 3 months after resection are not significantly 
different when comparing patients undergoing segmentectomy versus lobectomy. Whether or not these observations apply specifically in the setting of lung 
carcinomas invading the chest wall has not been addressed, but in most series, lobectomy is preferred in low-risk patients. Pneumonectomy with chest wall resection 
can be performed with acceptable perioperative morbidity and mortality, but the long-term results have been disappointing chiefly because of the development of 
distant metastases.16,33

A mediastinal lymph node dissection must be performed to properly and completely stage the carcinoma. 5,35 The involvement of mediastinal nodes has been widely 
recognized as an important prognostic factor. 37,39,40

Reconstruction of the chest wall defect can be avoided if the defect is smaller than 5 cm in greatest diameter unless the patient has marginal pulmonary reserve. 
Defects between 5 and 10 cm warrant reconstruction, especially if the defect is anterior, lateral, or posterior below the scapula. Higher posterior defects of this size lie 
under the scapula and reconstruction can be avoided. Defects larger than 10 cm should be reconstructed but rarely occur in this clinical setting.

Although reconstruction using autogenous tissue, such as rib grafts and fascia lata, has been described, the advent of synthetic material such as Marlex, Prolene, and 
Gore-Tex has largely relegated these techniques to historical reference only. 43 Marlex has the advantage of tissue ingrowth into the interstices, presumably limiting 
the potential for long-term infections. In addition, a “Marlex sandwich” technique has been developed, whereby even large defects can be patched using a contoured 
prosthetic patch. This technique is particularly valuable in reconstructing very large defects after the resection of large primary chest wall tumors but is seldom 
necessary in this setting. Gore-Tex is waterproof and therefore preferable after pneumonectomy. This material is more pliable than Marlex and handles easily. Sutures 
should be passed through the folded edge of the Dualmesh (reinforced Gore-Tex) patch to minimize the risk of tearing the material. Intrapleural chest tubes are 
positioned, and the soft tissues of the chest wall are closed in the usual fashion. Chest wall drains are best avoided.

Postoperative Care

Prior to the widespread use of prosthetic patches, the major postoperative complication was pulmonary insufficiency manifest by either inability to clear secretions, or 
in some cases, ventilatory insufficiency. Vigorous chest physiotherapy and optimal pain management are the cornerstones of postoperative care. Aspiration 
bronchoscopy is often necessary to clear secretions but in exceptional circumstances, should postoperative ventilatory support may be necessary.

Seromas often form over the prosthesis, but the temptation to aspirate them to avoid an infection should be avoided. Antibiotic coverage is usually provided for only 
48 hours unless a seroma is detected, in which case a 7-day course is indicated. If infection of the prosthesis is established, then management depends on the 
prosthetic material used and the size of the defect. Marlex mesh infections can be eradicated by antibiotics and drainage, providing time for tissue ingrowth. Prosthetic 
infections tend to wall off early, protecting the adjacent structures. The temptation to remove an infected prosthesis should be balanced against the potential 
consequences of a flail defect. If the defect is large and the patient is not toxic, a delay of 6 weeks before the removal of the prosthesis allows a fibrous capsule to 
form, providing an element of chest wall stability.

Prognosis

The overall five-year survival among patients undergoing a complete resection of a primary lung carcinoma invading the chest wall ranges from 15% to 40%. 7,8 and 

9,11,12 and 13 Several reports have appeared about the importance of obtaining a complete resection. Patients undergoing “incomplete” resections rarely survive beyond 
5 years despite the use of adjuvant therapy, including brachytherapy. Patients undergoing incomplete resections (including tumors adherent to the aorta or invading 
the vertebral bodies) should be analyzed separately from those undergoing complete resections.

Among those cases that underwent a complete resection, by far the single most important prognostic factor is the status of the regional and mediastinal nodes. In 
patients with T3N0 carcinomas, the five-year survival ranges from 22% to 56%. Patients with T3N1 tumors have a five-year survival of 0% to 33%. Predictably, the 
worst survival is seen in patients with T3N2 carcinomas, with a five-year survival of only 0% to 16%. 9,19,33

Several other factors have been assessed for their prognostic value. Conflicting data exist regarding the depth of invasion of the chest wall, histology of the tumor, 
and the extent of the resection without a clear consensus. One study concluded that the depth of invasion into the chest wall had prognostic significance. It is 
generally recognized that tumors peripheral enough to require a chest wall resection yet involving central structures necessitating a pneumonectomy have a poor 
prognosis, regardless of their nodal status. Generally speaking, larger tumors have a worse prognosis. Age, gender, presenting symptom, and histologic classification 
have not been shown to affect survival.

Postoperative Adjuvant Therapy(see also Chapter 43)

In order to decrease the incidence of local recurrence, some surgeons have advocated the use of routine postoperative radiotherapy. 15 Several reports concluded that 
postoperative radiotherapy did not improve survival in those patients who had a complete resection. 7,16,39 Most centers, however, continue to advocate radiotherapy 
for patients in whom wide margins of resection are impossible (e.g., tumor abutting the spine), or in whom the margins of resection were microscopically positive.

The value of combination chemoradiotherapy delivered postoperatively is still debated. One large trial found that no apparent survival advantage was achieved by 
administering postoperative chemoradiotherapy to patients with T3N1 completely resected carcinomas. 33 When patients are found to have mediastinal nodal 
involvement (N2 nodes), additional therapy is often given, but without evidence that this treatment improves their long-term survival.



PANCOAST TUMORS

Introduction and Historical Perspective

Lung carcinomas that invade the apex of the thoracic cage merit consideration beyond those tumors invading the chest wall but sparing the apex for several reasons. 
First, the apex of the chest is difficult to assess using conventional chest radiographs, and carcinomas arising in this location are often overlooked. Second, proximity 
to the brachial plexus, the subclavian vessels, and the vertebral column make complete resection difficult, and wide margins of resection are seldom achieved, 
presenting certain technical challenges. Finally, because of the proximity of these structures, patients with these locally advanced tumors are almost always 
candidates for some form of adjuvant therapy.

The earliest reference to tumors invading the apex of the chest was made by Hare in 1838. 46 Although several other authors offered case histories of such an 
entity,47,48 this entity gained much wider recognition with the publications of Pancoast, 49,50 wherein seven cases were discussed. The degree of invasion of the chest 
wall can so overshadow the pulmonary component that this tumor was initially considered to be a new entity, arising from an embryonal epithelial rest—possibly 
arising from the fifth brachial pouch. In keeping with the belief that this entity was new (and specifically to distinguish it from the more common tumors arising in the 
lung and the chest wall), Pancoast initially offered the term “superior pulmonary sulcus” tumor. The superior sulcus is not a recognized anatomic feature of the lung or 
the chest wall.51 Even though Tobias published data to the effect that these tumors were locally advanced pulmonary carcinomas, as early as 1932, 48 the view that 
these tumors represented a new entity was held for more than a decade. By 1946, several authors had presented additional data supporting the conclusion that at 
least some of these cases were lung carcinomas.52,53 For these reasons, the term “superior sulcus tumor” has been rejected by some authorities. 54

Until 1950, these tumors were considered to be unresectable for cure and palliated with external-beam radiotherapy. In 1954, Haas and colleagues reported on the 
experience of radiotherapy on “hopeless” cases with significant palliation of arm and shoulder pain and prolonged survival. 55 The radiosensitivity of these tumors was 
further documented by five-year survivors with external-beam radiotherapy alone. 56

In 1950, Chardack and MacCallum performed the first successful resection of a Pancoast tumor, followed by 6,500 Gy of irradiation. The patient survived for more 
than 5 years, renewing interest in the role of surgical resection. 57 The use of such a combination of radiotherapy and surgery however, was accepted as standard only 
after the report of Shaw and colleagues in 1961. 58

Clinical Presentation

Although not all patients with an apical tumor involving the chest wall present with a full-blown Pancoast clinical syndrome, most patients present with some clinical 
complaints. Detection of small, asymptomatic tumors in this region is hampered by difficulty in visualizing the apices by plain chest radiographs.

The most common presenting symptom is shoulder pain, which is often present for 6 months or more before the diagnosis is suspected. The pain is initially located 
along the vertebral border of the scapula. Headache is also common. The pain becomes constant and progressive as the T1 and the C8 nerve roots become 
entrapped. Pain and numbness now extends down the arm in the ulnar distribution affecting the forearm and the fourth and fifth fingers. The progression of the pain 
and the shift in pain distribution often leads the clinician to obtain the diagnostic chest radiograph.

In time, the patient may develop a Horner's syndrome, with ptosis and miosis. This clinical finding carries a poor prognosis because it usually signifies involvement of 
the vertebral column. In the latter stages, as the pain progressively worsens, the patient may characteristically support the affected elbow with the opposite arm to 
minimize traction on the brachial plexus. At this time, atrophy of the hypothenar muscles and weakness of the hand is easily appreciated. Weight loss and insomnia 
from pain are common findings, but cough and dyspnea are rare. Somewhat surprisingly, hemoptysis is not uncommon. Because of the location of the tumor, the 
primary tumor is rarely palpable. In latter stages, metastatic spread to a scalene node may render it palpable.

Preoperative Assessment

By plain chest radiograph, Pancoast tumors appear as a homogeneous density at the extreme apex of the chest. Apical lordotic views can be helpful, 59 but if clinical 
symptoms are present, a chest CT scan should be performed.20,60 Classically, Pancoast tumors are located in the posterior aspect of the apex and usually spare the 
subclavian vessels until late in their course. However, tumors located more anteriorly have been identified with early involvement of the subclavian vessels. 
Arteriograms and venograms are occasionally indicated ( Figure 39.5,Figure 39.6).

FIGURE 39.5. Chest radiograph revealing tumor in the superior sulcus. Patient presented with arm and shoulder pain.

FIGURE 39.6. CT of the patient whose radiograph is shown in Figure 39.5. Note the absence of transverse process or vertebral body destruction.

In several studies, magnetic resonance imaging (MRI) has been shown to have advantages over CT scan in the assessment of tumor invasion through the apical 
chest wall, with improved imaging of the subclavian vessels, the brachial plexus, the ribs, and the vertebral bodies. 27,28,60,61 and 62

The diagnosis should be established before embarking on therapy because several neoplasms and non-neoplastic masses can mimic apical lung carcinoma. 59 
Neurogenic tumors of the posterior mediastinum or the brachial plexus, 63 thyroid masses, lymphoma,64 and an aneurysm of the axillary or subclavian artery all must 



be considered in the differential diagnosis. Small cell carcinoma of the lung has been described in this location, 65 but its diagnosis must be accepted with caution 
because it may be confused with peripheral neuroectodermal tumors of the chest wall (Askin tumor), lymphoma, or plasmacytoma of the first or second ribs. 66,67 
Staphylococcus aureus,68 cryptococcsis,69,70 aspergillus,71 and actinomyces72 apical pulmonary abscesses have all been reported to cause symptoms simulating 
Pancoast's syndrome.

Because the diagnosis can be established by flexible bronchoscopy in only 10% to 30% of cases, even when fluoroscopy is used, most surgeons have adopted 
percutaneous needle biopsy as the diagnostic procedure of choice. 73,74,75,76 and 77 Although this procedure can be performed using ultrasonography or biplane 
fluoroscopy, most lesions are biopsied under CT guidance. 75,78 A posterior approach is most popular,76 but shallow or small lesions are sometimes approached using 
a transcervical route.

Similar to all lung cancers, accurate staging has been the cornerstone for rational therapeutic protocols. 79,80,81,82 and 83 Although the distinction between T3 and T4 is 
not clearly defined in the current classification system, 5 T3 describes tumors where invasion is limited to the parietal pleura, the ribs, and the intercostal muscles. 
Sensory changes limited to the T1 nerve root alone do not require that these be considered T4 tumors, especially if these symptoms resolve with preoperative 
radiotherapy and/or the nerve root can be spared at the time of resection. A tumor is classified as T4 by evidence of direct invasion of the vertebral bodies (including 
the presence of a Horner's syndrome), the presence of any motor dysfunction of the brachial plexus or any of its branches, or involvement of the subclavian vessels. 
Because most patients who undergo surgical resection undergo some form of preoperative therapy (to which they can respond dramatically), the initial staging is 
based only on clinical judgement.

Many surgeons advocate nodal staging by routine preoperative mediastinoscopy in cases of superior sulcus lesions, whereas a few surgeons advocate 
mediastinoscopy only if the nodes are measured to be greater than 1.5 cm as measured by CT scan. CT scans of the chest are routinely performed to visualize the 
liver and the adrenal glands. A CT scan of the brain and nuclear bone scan are often performed to complete the staging protocol.

The presence of Horner's syndrome has clearly been recognized as a poor prognostic indicator. Nevertheless, long-term survival has been reported with aggressive 
surgical management. Although surgical resection of neoplasms invading the vertebral bodies or laminae has been described, this procedure is usually performed for 
palliation, and five-year survivors are rarely reported. Long-term survival has been reported in patients undergoing resections, including division of the T1 nerve root. 
However, tumors requiring a more extensive sacrifice of the brachial plexus carry a worse prognosis. Extended resections (utilizing an anterior approach) have been 
described for tumors abutting or with limited involvement of the subclavian vessels, with encouraging early follow-up results. However, encasement of the subclavian 
vessels or involvement of the subclavian artery at its origin from the aortic arch should still be approached with caution (see also Chapter 38).

Patients with metastatic disease limited to the ipsilateral mediastinal nodes (N2) should be considered for a protocol of preoperative chemo- and radiotherapy. 
Involvement of the contralateral nodes or supraclavicular nodal disease (N3) or the presence of metastatic disease preclude curative resection.

Role of Preoperative Therapy: Preoperative Radiotherapy versus Neoadjuvant Therapy

The early results of surgical resection alone were sufficiently discouraging that some surgeons believed that Pancoast tumors were categorically unresectable for 
cure. The natural history of this tumor was limited, with Herbut reporting that none of eight untreated patients survived beyond 8 months from the time of diagnosis. 53 
Because all patients eventually become very symptomatic, most patients (even those with limited disease) were submitted for radiotherapy. In 1954, Haas et al. 55 
reported significant palliation with occasional prolonged survival with external-beam radiation. Subsequently, five-year survivors were reported with radiotherapy 
alone.55,84,85,86 and 87

However, the first reported five-year survivor was documented in 1956 by Chardack and MacCallum in a patient who underwent surgical resection followed with 65 Gy 
irradiation.57 Subsequently, Shaw et al. reported their results with preoperative radiotherapy, followed by complete surgical resection. 58,88 Their aggressive surgical 
approach was based, in fact, on the observation that some patients (including those initially considered to have “unresectable” disease), can have a remarkable 
clinical response and diminution of the tumor mass with limited doses of preoperative radiotherapy. Their initial preoperative radiotherapy protocol was 3,000 cGy 
given in 10 consecutive days. Most current prorcols give 200 cGy 5 days/week for each of 4 weeks, which is better tolerated. This treatment is followed by a four-week 
period to allow the patient to recover with respect to their nutritional status, as well as to heal their radiation-induced burn, which can occasionally cause ulceration of 
the skin (Figure 39.5,Figure 39.6,Figure 39.7,Figure 39.8 and Figure 39.9). Also, additional time may be necessary to allow the erythema to subside prior to surgery.

FIGURE 39.7. Typical radiation portal for a superior sulcus tumor. See text for details.

FIGURE 39.8. Chest radiograph before resection in the patient seen in Figure 39.5 and Figure 39.6. Patient received preoperative external-beam radiotherapy.



FIGURE 39.9. CT corresponding to the preoperative chest radiograph seen in Figure 39.8.

In a review of the literature on the results of preoperative radiotherapy followed by surgical resection with intent to cure, complete resection was achieved in 70% of 
cases and was the most important prognostic factor.89,90,92,94,95,98 Five-year survival ranges from 15% to 50%. The range in results can be attributed to the degree of 
preoperative selection. The most common cause of death was the development of distant metastatic disease, and the most common site was the brain, with bony 
metastases being the second most common.82,8,96,97

Because distant metastatic disease is an important cause of death in these patients after an apparent complete surgical resection, many surgeons have looked to 
chemotherapy to control micrometastatic disease, on the assumption that these patients have subclinical metastatic deposits at the time of presentation. 98,99,100,101,102 

and 103 Another rationale for the introduction of chemotherapy into the preoperative radiotherapy regime has been the recognition that some chemotherapy drugs are 
radiosensitizing agents. Most notable on this list are cisplatin and VP-16, on which many protocols are based. Such a neoadjuvant preoperative combination approach 
has been the basis of current neoadjuvant protocols. The data from these protocols should help to define the role of neoadjuvant therapy.

Technical Considerations

A high posterolateral thoracotomy is performed, providing access to the chest wall by dividing the latissimus dorsi. The posterior aspect of the serratus anterior is also 
divided. Generally, the chest is opened though the fourth or fifth intercostal space, between the highest ribs not invaded by the tumor as judged by the preoperative 
chest radiograph and CT scan. The intercostal muscles are divided, and the pleural space is entered to allow for intraoperative assessment of resectability and the 
extent of resection with respect to the number of ribs and/or involvement of the vertebral bodies and subclavian vessels.

Once resectability has been assured, the skin incision is extended into the parascapular region. Division of the lower portion of the trapezius and rhomboid major and 
minor provides wider exposure to the upper thoracic spine and the posterior aspect of the upper ribs. The ribs judged to be invaded by the tumor are divided 
anteriorly. The subclavian vessels are identified and preserved, as are the phrenic and vagus nerves. Posterior dissection is started by dividing the rib where 
necessary to accomplish a complete resection. Often, the lowest rib can be divided at the costovertebral angle, sparing mobilization of the head of the rib off the 
vertebral column. The posterior dissection of higher ribs, however, is accomplished by mobilizing the neck of the rib off the transverse process utilizing a periosteal 
elevator. The head of the rib can then be elevated off the vertebral body ( Figure 39.10,Figure 39.11 and Figure 39.12).

FIGURE 39.10. Schematic representation of the surgical approach to the superior sulcus tumor resection. (From McKneally MF. Cardiothoracic techniques. In: Burde 
PE, ed. A pictorial review of surgical procedures. Albany, NY: Learning Technology Incorporated, 1982, with permission.)

FIGURE 39.11. Schematic representation of en bloc resection of superior sulcus tumor. See text for details. (From McKneally MF. Cardiothoracic techniques. In: 
Burde PE, ed. A pictorial review of surgical procedures. Albany, NY: Learning Technology Incorporated, 1982, with permission.)

FIGURE 39.12. Use of the osteotome for the posterior margin. (From McKneally MF. Cardiothoracic techniques. In: Burde PE, ed. A pictorial review of surgical 
procedures. Albany, NY: Learning Technology Incorporated, 1982, with permission.)



If tumor is found to invade the vertebral column, then the transverse process (and even a portion of the vertebral body) can be resected at this stage using an 
osteotome (see also Chapter 38). Sparing the transverse process, and even the neck of the ribs posteriorly (provided it does not compromise the margin of resection), 
helps to minimize the risk of scoliosis. This is especially true when more than three ribs are resected. Once the posterior aspect of the first rib is divided, the specimen 
is considerably more mobile. At this point, the T1 nerve root is optimally exposed and spared or divided as necessary to accomplish a complete resection. The C8 
nerve root may occasionally also have to be sacrificed. Care must be taken to secure the nerve roots with ligatures at the neural foramina to avoid troublesome leaks 
of cerebrospinal fluid. If such a leak is caused, it is best managed by patching the neural foramen with a piece of free muscle or erector spinae muscle tacked to the 
lateral aspect of the vertebral bodies. Opening the neural foramen in an attempt to directly oversew the dural tear is fraught with difficulty and is often unsuccessful. 
Care must also be taken to identify and ligate branches of the intercostal vessels, especially in the region of the neural foramina to avoid troublesome bleeding. If 
bleeding is encountered from the neural foramen, it is best controlled with bipolar electrocautery. Occasionally, the neural foramen has to be opened to visualize the 
vessel. The surgeon must resist the temptation to leave pledgets of Gelfoam in this region because there are case reports of paraplegia resulting from migration into 
the spinal canal. 104

The hilar dissection is then performed, resulting in an en bloc specimen of lung and chest wall. When the chest wall involvement is bulky, it may occasionally be 
advantageous to perform the hilar dissection first to facilitate exposure to the posterior aspect of the first and second ribs. If the tumor cannot be dissected off the 
subclavian vessels, then it may be necessary to complete the resection and/or arterial reconstruction using an anterior approach (see also Chapter 38).

Some controversy exists regarding the optimal pulmonary resection. Some authors believe that limited resections (either wedge or segmental resections) are 
adequate.105 In fact, at least two studies suggest that no statistically significant survival advantage is achieved by performing a lobectomy when compared to a more 
limited pulmonary resection.44,106 However, Ginsberg et al. found a lower local/regional recurrence rate and a survival advantage in those patients who underwent a 
lobectomy.107 All patients undergoing a curative resection should have a mediastinal node dissection.

Because the resulting chest wall defect lies under the scapula, reconstruction is not necessary unless more than three ribs are resected. When a chest wall mesh is 
used, care must be taken to avoid compromise of the subclavian vessels and the brachial plexus. This goal is best accomplished by avoiding sutures along the 
superior margin of the patch. The incision is closed in the usual fashion.

Prognostic Factors after Resection with Preoperative Irradiation

Over the last 25 years, many potential prognostic factors have been assessed, including completeness of resection, TNM stage, and histologic evaluation. Overall, 
approximately 75% of patients in whom a curative operation is intended were found to have a “complete resection,” the rest being found to have a microscopically 
positive margin. This statistic is not surprising given the technical difficulties facing the surgeon. The most common sites for positive margins are the brachial plexus, 
vertebral bodies, neural foramina, and the subclavian vessels. In this setting, some surgeons have advocated the use of brachytherapy to improve local control. 108,109 
However, according to Ginsberg et al., there appears to be little difference in the survival of patients undergoing incomplete resections compared to those patients 
having no resection even with the use of brachytherapy. 110 Two other studies also report a significantly worse two-year survival in patients undergoing incomplete 
resections.96,111 The completeness of the resection is a statistically significant and independent prognostic factor for five-year survival, and every attempt should be 
made to achieve negative microscopic margins.

Not surprisingly, the stage of the carcinoma has also been found to carry prognostic significance. Factors that determine that the tumor is T4 (i.e., subclavian vessel 
involvement, Horner's syndrome, and vertebral body involvement) have all been found to negatively impact the five-year survival. Limited involvement of the vertebral 
bodies (with or without Horner's syndrome) and/or the subclavian vessels does not preclude a complete resection, however, and long-term survivors have been 
reported.94,105,112,113 and 114 The size of the tumor and presence or absence of bony destruction of the ribs by the tumor have not been clearly identified to be significant 
prognostic factors, but one study found that the depth of invasion into the chest wall did correlate with prognosis. 45

Involvement of the mediastinal nodes has also been identified as a poor prognostic factor. 35,94,95,108,110,112,115 According to Ginsberg et al., the five-year survival in 
patients undergoing complete resection with N0,N1 disease is 46% compared to 15% in a carefully selected cohort of patients found to have N2,N3 disease and 
offered combined preoperative radiotherapy followed by complete resection. 110 In other series, patients with N2 or N3 disease either were not offered surgery or 
underwent resections that were determined to be incomplete. Somewhat ironically, experience at Memorial Sloan-Kettering cancer center suggests that patients with 
metastatic disease limited to the ipsilateral supraclavicular (N3) node (in the absence of any other nodal metastases) have a better survival than patients found to 
have mediastinal (N2) nodal metastases.108,110 Further refinements of the TNM staging classification may be necessary to address this special issue. The mere 
presence of N2 or N3 nodal disease, however, does not preclude a complete resection, and five-year survivors have been reported.

Survival and Patterns of Recurrence After Curative Resection

The overall five-year survival statistics from various centers reporting over the last 15 years range from 21% to 68%. 82,96,116 In 1987, Shahian et al. reported a 68.6% 
five-year survival in a highly selected subgroup of patients, who underwent a complete resection of T3N0 tumor and both preoperative and postoperative 
radiotherapy.115 Most report a five-year survival, even in the most favorable subset of patients, of 30% to 40%.

Several studies have documented the patterns of recurrence and the survival of patients undergoing curative resections. Local/regional recurrence has been 
documented to occur in as many as 60% to 70% of cases according to Ginsberg et al. 110 The apical chest wall is often the first site of recurrence. Although this pattern 
is a reflection of the limitation of the chest wall resection margins, and is an important cause of morbidity, patients are more likely to die from systemic metastases. 
The most common site of distant metastasis is the brain, accounting for 40% to 80% of systemic recurrences. 83,87,90,96,108,110 According to several authors, bony 
metastases are the second most common site.82,90,108

Alternative Radiotherapy Strategies

In view of the disappointingly high local/regional recurrence rate after preoperative irradiation, alternative radiotherapy strategies have been investigated. Attar et al. 
reported that increasing the preoperative radiation dose to 55 Gy was associated with wound healing problems (including a 23% incidence of bronchopleural fistula) 
and a 15% operative mortality.103 Although Fuller et al. had far fewer complications, higher doses of external-beam irradiation do not seem to improve resectability or 
survival.82 Brachytherapy has also been used in an attempt to decrease the incidence of local/regional recurrence after complete resection while minimizing the risk of 
wound healing problems.108,109 However, upon reviewing the data, Ginsberg et al. concluded that there was no apparent benefit either with respect to local/regional 
control or long-term survival after a complete resection. 110 Brachytherapy should be considered, however, if the patient had been explored, anticipating a complete 
resection, but an incomplete resection had to be performed. If an incomplete resection is inevitable, the patient should not undergo a surgical procedure simply to 
debulk the tumor and implant brachytherapy sources because this strategy does not provide the patient with better local control or long-term survival when compared 
to the results of external-beam radiotherapy alone. 110

Postoperative radiation has been given usually in conjunction with preoperative irradiation. 115,117,118 Interpretation of the results is difficult at best. Most surgeons 
believe that giving additional postoperative radiotherapy has not been shown to provide better local/regional control or survival advantage after a complete resection. 
A somewhat atypical but encouraging report was issued by Hagan et al., who gave 14 patients with close or even positive resection margins postoperative 
radiotherapy. Eleven had no evidence of local/regional recurrence and seven were five-year survivors. 119

Sundaresean et al. have explored the value of attempting resection prior to radiotherapy in patients with locally advanced tumors, including patients with spinal cord 
involvement and extensive brachial plexopathy. Although brachytherapy was used, as well as postoperative radiotherapy, predictably poor results were reported 
because most patients underwent an incomplete palliative resection, in some cases with gross residual and/or metastatic tumor. 118

Even if the patient is found to have undergone an incomplete resection, with only a microscopically positive margin, the prognosis is not statistically different from 
those patients who do not undergo a resection, with a two-year survival of 15%. Analysis of this population of patients is poor, but the value of postoperative 



radiotherapy and/or brachytherapy is questionable. Few believe that additional radiotherapy after an incomplete resection offers any benefit.

The role of radiotherapy alone in doses of 50 to 70 Gy has been studied by some, with two-year survival reported to be high as 29%. Few consider the results to rival 
those of combined radiation therapy and surgery. Some surgeons have reported on the results of combining hyperthermia and radiotherapy, in an attempt to improve 
local control.120 Others have investigated the role of hyperfractionated radiotherapy, but the results have been inconclusive. 121

SUMMARY

Management of lung carcinoma invading the chest wall has undergone slow but steady improvement over the last 25 years. This advance has been due, in part, to 
improved materials available for reconstruction, as well as experience in using them. The treatment of apical carcinomas invading the chest wall presents special 
technical challenges and remains one of the few clinical scenarios where preoperative irradiation impacted on the resectability and the long-term survival. New 
techniques have been forged to allow resection of apical carcinomas involving the subclavian vessels, and preliminary long-term survival statistics are encouraging. 
The current limits of resectability continue to be extensive involvement of the thoracic spine, the subclavian vessels, or the brachial plexus. Current protocols continue 
to explore the role of adjuvant preoperative chemoradiotherapy.
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Surgical management of lung cancer that has metastasized to other sites has for the most part been confined to selected patients with metastasis to other pulmonary 
segments or lobes, or to the brain. Patterns of failure for patients with surgically treated lung cancer are changing due to earlier detection, the use of more rigorous 
staging procedures, and the use of induction and adjuvant therapies. Reports of surgical management of metastatic disease to the liver, pleura, or bone from primary 
lung cancer are scarce, whereas reports of surgical management of metastatic adrenal disease are increasing. 1,2,3 and 4 This chapter reviews the surgical treatment of 
multiple primary lung cancer (both synchronous and metachronous) as well as lung cancer which has metastasized to distant sites. The chapter also provides 
guidelines to the approach and management of these problems.

OTHER PULMONARY LESIONS

Introduction

The incidence of multiple primary lung cancers has been estimated to be between 0.8% and 7.6%. 5,6,7,8,9 and 10A review of English literature published between 1931 
and 1983 identified 382 cases of multiple primary lung cancers from a total of 12,685 patients with lung cancer, an incidence of 1.7%. 10 Subsequent reports have 
identified 229 additional cases from among 10,791 lung cancer patients, increasing the overall incidence to 2.1% ( Table 40.1). An autopsy study of 255 patients who 
died of bronchogenic carcinoma, however, revealed multiple primary lung cancers in 3.5% using strict criteria and 14% using less strict criteria. 11 The true incidence 
of multiple primary lung cancers has been hard to estimate because the criteria used to establish this diagnosis have been difficult to agree upon. In addition, the 
incidence varies depending upon the rigor with which a second primary carcinoma is sought during both the initial clinical staging and the assessment of the 
pathological specimen. The efficacy of therapy and the length of patient survival also impact on the incidence of multiple primary lung cancer. 5

TABLE 40.1. INCIDENCE OF MULTIPLE PRIMARY LUNG CANCERS

Synchronous Pulmonary Tumors

The incidence of synchronous primary lung cancer is sufficiently low that the simultaneous discovery of two pulmonary tumors mandates careful consideration of the 
diagnostic possibilities listed in ( Table 40.2). Distinguishing among synchronous primary lung cancers, a primary lung cancer with a metastasis, and two metastases 
from an extrathoracic carcinoma can be difficult.

TABLE 40.2. SYNCHRONOUS PULMONARY TUMORS—DIAGNOSTIC POSSIBILITIES

Synchronous Primary Carcinomas of Lung

The incidence of synchronous primary carcinomas of the lung is reported to be between 0.26 and 1.33% ( Table 40.3).6,7,9,11,12The average incidence among 17,567 
patients with lung cancer was 0.52%, although slightly different criteria were used to determine the incidence in individual reports. Synchronous carcinomas of the 
lung (Figure 40.1) are diagnosed less commonly than metachronous carcinomas, the former comprising between 11% and 45% of all cases of multiple bronchogenic 
carcinomas (Table 40.4).6,7,9,13,14 and15



FIGURE 40.1. Synchronous lung cancer.

TABLE 40.3. INCIDENCE OF SYNCHRONOUS PRIMARY LUNG CANCER

TABLE 40.4. INCIDENCE OF SYNCHRONOUS AND METACHRONOUS LUNG CANCER IN PATIENTS WITH MULTIPLE PRIMARY TUMORS

In 1889 Billroth suggested that a diagnosis of two primary tumors could be made only if they were anatomically or temporally separate, of different histologic type, and 
if each produced its own metastasis.16 Beyreuther reported the first case of synchronous bilateral primary lung cancers in 1924. 17

Controversy continues to be associated with the definition of synchronous primary lung cancer. Chaudhuri suggested that the tumors needed to be of different cell 
types.18 This definition clearly underestimates the true incidence of synchronous primary lung cancer and incorrectly labels some patients as having stage IV disease. 
Warren and Gates, con the other hand, suggested that synchronous lesions should be bilateral. 19 This definition also underestimates the true incidence of 
synchronous disease. In an effort to standardize the reporting of synchronous primary lung cancers, Martini and Melamed proposed criteria for their classification in 
1975 (Table 40.5).20 These criteria have been adapted with minor modifications by several authors in publications since that time. 6,7,8 and 9,12

TABLE 40.5. CRITERIA FOR THE DIAGNOSIS OF SYNCHRONOUS LUNG CANCER

One Primary Lung Carcinoma and One Metastasis

This category includes patients with a primary lung cancer and a metastasis to a different lobe. According to the 1997 lung cancer staging revision of the American 
Joint Commission on Cancer (AJCC) and the Union Internationale Contre Cancer (UICC), these patients are considered to have M1 disease. Also included in this 
category are patients with a primary lung cancer and a satellite nodule(s). The AJCC-UICC considers these patients to have T4 disease. 21

The diagnosis of a primary lung cancer with an ipsilateral metastasis can often be difficult to make. A retrospective report of 53 patients with lung cancer and another 
lesion in the same lung revealed that the second lesion was an intrapulmonary metastasis in 16 patients (30%) and a synchronous primary lung cancer in seven 
(13%).19 When the cell type, DNA indices, and ploidy studies are identical, an intrapulmonary metastasis is probable. In a second series of 42 patients with 
intrapulmonary metastasis detected at the time of thoracotomy, the five-year survival was 25.7%. Patients with T1 or N0 status had a better prognosis. 22

A satellite nodule has been defined as a well-circumscribed accessory focus of carcinoma clearly separate from the main tumor but within the same lobe and with 
identical histologic characteristics. 23 In 1989, Deslauriers and colleagues reported that the prognosis in 84 resected lung cancer patients found to have satellite 
nodules was worse at one, three, and five years (61%, 33%, 22%) than in 1,021 resected lung cancer patients without satellite nodules (78%, 54%, 44%). They 
suggested that patients with a primary carcinoma and a satellite nodule(s) be classified as having stage IIIa disease in view of their relatively poor prognosis. 23 The 
1997 revision of the TNM staging system takes into account the poor prognosis of patients with satellite nodule(s) and considers them to be of T4 status and thus at 



least stage IIIb.21

Lung cancer does not appear to metastasize to the contralateral lung as commonly as to other distant sites. In two necropsy studies of patients who died of 
bronchogenic carcinoma, a metastasis to the contralateral lung was found in 20% and 22%, respectively. 24,25 Establishing the cell type of a contralateral tumor prior to 
finalizing the surgical plan, by transbronchial biopsy, CT-guided fine-needle aspiration biopsy (FNAB), or thoracoscopic excision, is recommended.

Two Metastases from an Extrathoracic Primary

This diagnostic scenario should be considered when any of the following apply: (a) the patient's history and physical suggest an extrathoracic primary site; (b) the 
radiological characteristics of the tumors are not suggestive of a primary lung cancer ( Figure 40.2); or (c) the patient is a nonsmoker without a history of exposure to a 
known environmental pulmonary carcinogen. When more than two tumors are identified on chest roentgenogram, the suspicion that they represent metastatic disease 
is heightened. Factors favoring metastatic disease from an extrathoracic primary include a history of extrapulmonary carcinoma, the absence of bronchial wall 
invasion, a lack of pulmonary or mediastinal lymph node metastases, and histologic features of a nonbronchogenic cell type. 26

FIGURE 40.2. Two metastatic pulmonary tumors.

One Primary Carcinoma, One Benign Lesion

In Kunitoh's study of 53 patients with two ipsilateral lung nodules, one of which was a carcinoma of the lung, the other nodule was found to be benign in 30 cases 
(56.7%). Foci of pulmonary infarction, inflammation, and fibrosis were found in addition to intrapulmonary lymph nodes, hamartomas, granulomas, and adenomatous 
hyperplasia (Figure 40.3).27 In the setting of one known carcinoma of the lung and one indeterminate tumor, a search for evidence of extrathoracic metastases should 
be conducted. If extrathoracic metastases are found, surgical therapy is not recommended. If no evidence of extrathoracic disease is found, then further evaluation of 
the second tumor should be left to the discretion of the surgeon. If it is felt to be a granuloma, for example, observation is appropriate, but if there is any question with 
regard to the diagnosis, further workup is recommended. Ipsilateral lesions can be evaluated and treated at the time of a planned thoracotomy, whereas contralateral 
lesions might require transbronchial biopsy, transthoracic biopsy, or thoracoscopic resection.

FIGURE 40.3. Primary lung cancer and a benign pulmonary tumor.

Two Benign Lesions

When the history and physical examination are inconsistent with carcinoma of the lung or carcinoma metastatic to the lung, and when confirmation of the nature of 
pulmonary nodules is indicated, then bronchoscopy with transbronchial biopsy, FNAB, or thoracoscopic excision are possible diagnostic modalities. Because either 
nodule might represent a primary lung cancer, however, consideration should be given to performing a biopsy on both nodules.

Evaluation

Before the advent of computed tomography, second pulmonary tumors were most often detected either at the time of pulmonary resection or at autopsy. Presently, 
however, a second pulmonary tumor is most commonly discovered during noninvasive preoperative assessment, less commonly at the time of bronchoscopy, and 
least commonly at the time of thoracotomy.28 Deschamps and colleagues reported that 21 of 36 synchronous lesions were first discovered during preoperative 
evaluation, while the remaining tumors were identified at thoracotomy. 9 Only three of 28 patients were found to have a second lesion during preoperative 
bronchoscopy in a report by Ferguson 28 and only one of ten was found by this means in a report by Mathisen and associates. 6

When two pulmonary tumors are discovered on a chest roentgenogram, a computed tomogram of the chest is performed to evaluate the rest of the lung parenchyma 
for evidence of other lesions. The liver and adrenal glands are imaged in this study to exclude the possibility of metastatic disease to these sites. If multiple nodules 
are found, either metastatic disease or benign (granulomatous) disease should be suspected, depending upon the clinical scenario. PET scanning in the alveolar is 
becoming increasingly popular (see also Chapter 30 ).

Bronchoscopy is performed to be certain that there are no asymptomatic foci of endobronchial disease. McElvaney and colleagues found additional synchronous foci 
of adenocarcinoma on close examination of the pathological specimens of 12 of 62 patients who underwent resection. These additional foci were identified 
preoperatively in only two of 12 patients and led the authors to conclude that the incidence of multiple primaries might be even higher than currently estimated, but 
that they are clinically inapparent due to their slow growth and asymptomatic nature. 29 The role that lung imaged fluorescence endoscopic (LIFE) devices will have in 
detecting additional foci of carcinoma in situ or invasive carcinoma in lung cancer patients is currently being investigated 30 (see also Chapter 24 ).

Mediastinoscopy is an essential component of the prethoracotomy evaluation for patients with possible synchronous primaries. While some surgeons believe that 
completely resected mediastinal disease does not preclude a contralateral thoracotomy if the patient is free of recurrence or progressive disease at three months, 
others do not agree.28 An algorithm for the evaluation of a patient with synchronous masses on chest roentgenogram is presented in Figure 40.4.12



FIGURE 40.4. Algorithm for evaluation of synchronous lung tumors.

Treatment

Patients who are believed to have synchronous tumors are offered surgery if clinical staging indicates that each lesion is stage I. 12 Patients with stage II disease are 
often treated with surgery, with the knowledge that survival is substantially diminished when N1 lymph nodes are involved. This occurs in part because the status of 
N1 lymph nodes is often difficult to determine preoperatively. Klingman and DeMeester advise that the intraoperative finding of positive hilar or mediastinal lymph 
nodes should preclude further surgery in patients with bilateral primaries because of their poor prognosis (median survival 11 months) compared to those with 
negative lymph nodes (median survival 26 months).31 Similarly, Deschamps and associates do not recommend additional surgery for patients with bilateral primaries 
found to have positive mediastinal lymph nodes during initial resection. 9

When carcinomas are bilateral, resection of the lesion that is felt on clinical grounds to be more advanced is advocated first. 5,8,13,14,31 Further resection is dependent 
upon (a) the pathological stage of the first tumor, (b) the extent of the second tumor, (c) the anticipated magnitude of the second resection when compared with the 
first, and (d) the patient's pulmonary reserve. 8,14 Parenchyma-sparing procedures (for example, wedge resection, segmentectomy, sleeve lobectomy) should be 
considered when a contralateral lesion is present, as long as it does not jeopardize the chance for a curative resection. 13,14 While resection of bilateral carcinomas is 
approached most often using staged thoracotomies, in selected situations a median sternotomy or bilateral sternothoracotomy is appropriate, the latter made easier 
by the use of thoracic epidural analgesia. 32

In patients with ipsilateral lesions confined to one lobe of the lung, a lobectomy is sufficient. When the tumors are ipsilateral and are in different lobes, however, a 
pneumonectomy is the operation of choice. Conservation of pulmonary tissue is advised (for example, lobectomy and wedge resection or two wedge resections) only 
when pulmonary function precludes performance of a pneumonectomy.3 Mediastinal and hilar lymph node sampling are necessary in all cases to complete 
pathological staging.

Prognosis

Survival after resection of synchronous primary lung carinomas is worse, stage for stage, than after resection of solitary bronchogenic carcinomas, as illustrated in 
Figure 40.5. Pairolero and others suggest that these patients should be considered to have stage IV disease. 33 Their poor prognosis might be explained by the more 
aggressive nature of their disease, by an increased risk of developing cancer, by the fact that the second lesion really was a metastasis all along, or by the fact that 
both lesions were metastatic from an extrathoracic primary.9,13 A final possible explanation for the poor prognosis of synchronous tumors is the fact that the second 
tumor is treated more often by wedge or segmental resection, procedures associated with increased risk of local recurrence. 34,35

FIGURE 40.5. Actuarial survival following resection of synchronous primary lung cancers. (From Ferguson MK. Synchronous primary lung cancers. Chest 
1993;103s:399, with permission.)

Metachronous Tumors

In 1975 Martini and Melamed developed criteria for the classification of metachronous tumors ( Table 40.6).20 They proposed a tumor-free interval of at least two years 
as one of their criteria for the diagnosis of metachronous primary lung cancers. Others have stated that an interval of 30 to 36 months is necessary between tumor 
occurrences in order to call the second lesion a metachronous primary cancer. At least five series have reported the median interval between treatment of the first and 
second primary lung cancer to be in excess of 48 months.6,7,8,15 and 36Three other series, however, have reported median intervals between 24 and 48 months, 9,37,38 
while a fourth reported two peaks at two and five years. 8 There is no consistent evidence that the interval varies among different cell types or for different initial 
resections.

TABLE 40.6. CRITERIA FOR THE DIAGNOSIS OF METACHRONOUS LUNG CANCER



Metachronous tumors are estimated to occur in 0.5% of all lung cancer patients overall, in 2% of lung cancer patients who undergo resection, and in 10% to 32% of 
long-term survivors of lung cancer surgery ( Table 40.7).18,30,32,33This percentage increases as patient survival improves. The risk of developing a second primary lung 
cancer is between 0.65% and 5% per year for patients following resection of a lung cancer. 9,14,32,39,40 Shields and associates reported that the incidence of a second 
primary was 7.6% at 5 years and 10% at ten years in a Veteran's Administration study of 535 patients with resected lung cancer. 36 The Mayo Clinic reported a 10% 
incidence of second primary lung cancers in their group of 346 patients with resected stage I non–small cell lung cancer (NSCLC). 33 The incidence may be rising in 
part as a result of its being looked for with increasing vigor. A Lung Cancer Study Group trial reported by Feld and co-workers revealed the contralateral lung to be the 
site of first relapse in 13% (20 of 158) of 390 patients with resected stage I and II NSCLC, whereas ipsilateral relapse occurred in 26% (41 of 158). Nonsquamous or 
mixed tumors were twice as likely to recur as squamous cell cancer. 41 DNA flow cytometry and DNA index can help to differentiate between a recurrence and a new 
primary.

TABLE 40.7. INCIDENCE OF METACHRONOUS LUNG CANCER IN RESECTED LUNG CANCER PATIENTS

Evaluation

Approximately 80% of patients who develop second primary lung cancers are asymptomatic, and the diagnosis is based upon finding an abnormality on a surveillance 
chest roentgenogram.6,8,14,15,20,42 This reinforces the need for continued long-term follow-up of all lung cancer patients. Patients who continue to smoke may be at 
increased risk for developing a second primary lung cancer. 15 Symptoms, if present, include cough, hemoptysis, and dyspnea.6,7,8,9,42 The second tumor is evaluated 
and treated in a manner similar to the initial lesion. 14,41 This includes assessment of the locoregional extent of disease and a search for sites of extrathoracic spread. 
A positive mediastinoscopy contraindicates a thoracotomy in most cases.

Treatment

It has been stated that it makes no difference whether or not a new lung tumor is a primary or recurrent carcinoma. If the new lesion appears localized and is 
amenable to surgical excision, then this should be the procedure of choice. 43 There is no doubt that resection offers the best chance of cure and should be attempted 
in appropriately selected patients. 14 Distinguishing between a stump recurrence or a recurrence at the site of a previous resection might not be critical if the disease is 
otherwise localized and the patient is a candidate for resection. 6,15,20

Only one third of patients with a second primary lung cancer are candidates for surgery despite the fact that their second tumor is clinically resectable. 5,14,15,32,38For 
example, only 17 of 55 patients in Abbey-Smith's series 15 were surgical candidates, compared to ten of 41 in Shields's series 36 and 12 of 34 in the series by Razzuk 
and others.14 Inadequate pulmonary reserve is the reason most commonly given for inoperability. When the metachronous tumor is ipsilateral and in a different lobe 
from the first tumor, and when the patient's pulmonary reserve is adequate, a completion pneumonectomy is advised. If, however, pulmonary reserve is limited, a 
segmentectomy or wedge resection with lymph node sampling is appropriate.

When the metachronous tumor is contralateral and the patient has not had a previous pneumonectomy, a lobectomy is the preferred procedure. If, however, the 
patient underwent pneumonectomy in the first instance, a segmentectomy or wedge resection is performed most often, with lobectomy reserved for highly selected 
patients with adequate pulmonary reserve.40,44

Survival/Prognosis

Morbidity and 30-day mortality after resection of metachronous lung cancer is higher than after initial lung resection. 32 Morbidity in one series was 39%, which is 
similar to that reported after completion pneumonectomy. Mortality rates range from 4.5% to 9.3%. 6,9,38

Five- and ten-year survival after resection of metachronous primary lung cancer are 30% and 20%, respectively ( Figure 40.6).6,7,8,9,13,42 The poorest survival is seen in 
patients who undergo limited resection (segmentectomy, wedge) of their second lung cancer. 42 This might be explained by inadequate margins, underlying pulmonary 
dysfunction, advanced age at the time of the second resection, misdiagnosis of metastatic disease, and/or increased operative mortality. Sleeve lobectomy is also 
associated with decreased survival when compared to lobectomy, which might be due to an increase in the rate of local recurrence. 6 The increased risk of local 
recurrence must be weighed against the benefit of preserving pulmonary parenchyma in anticipation of metachronous disease when advocating conservative 
resection of lung cancer. Survival is not inferior when the cell type of the second tumor is the same as the first. 12 Verhagen and associates also felt that survival was 
better if three as opposed to two pulmonary lobes remained after the second resection. 8 Many series report improved survival when the interval between treatment of 
the lung cancers is greater than two years, 6,8,13 although this has not been a universal finding. 38 This is most likely due to the fact that the longer a patient survives 
after initial surgery, the more likely a second tumor represents a second primary as opposed to either a metastasis or a missed synchronous tumor.

FIGURE 40.6. cmSurvival after resection of metachronous lung cancer.

All authors conclude that the follow-up of a lung cancer patient should continue indefinitely. It is recommended that patients be followed quarterly for the first two 
years, biannually for the next three years, and yearly thereafter. 6 This regimen is currently under review by investigators of cost-effective health management 



strategies but does not take into account the psychological impact of not having continued follow-up care by their surgeon.

BRAIN METASTASIS

Introduction

Bronchogenic carcinoma is the neoplasm that most commonly metastasizes to brain.45 It is estimated that in 1998, 170,000 persons were diagnosed with 
bronchogenic carcinoma and that 51,000 will develop brain metastasis during the course of their disease. 46 Unfortunately a brain metastasis is usually a manifestation 
of widely disseminated disease. Arbit and Wronski reported that only 38 of 201 patients had brain metastases as the only site of distant disease. Among patients 
diagnosed with a solitary brain metastasis, 28% to 68% are found to have a primary carcinoma in the lung and between 4% to 20% have no evidence of a primary 
carcinoma.45,47,48 An estimated 40% of lung cancer patients develop brain metastases during the course of their disease. 49,50,51,52, and 53 The incidence of brain 
metastases in lung cancer patients at autopsy is approximately 20% higher owing to their sometimes asymptomatic nature. 54,55, and 56 In one report of 259 patients with 
inoperable adenocarcinoma of the lung, 24% had or developed clinical evidence of brain metastases during the course of their illness, but brain metastases were 
found in 44% of the 87 patients autopsied. 57

In early-stage NSCLC, first recurrences involve distant sites in 50% of patients, and the brain is the site of first recurrence in 20%. The relative risk of recurrence in 
the brain is higher among patients with T1N1 and T2N0 disease when compared to those with T1N0 tumors. Patients with non–squamous cell or mixed-histology 
tumors are at an increased risk of developing brain metastasis. 41,58,59

Without treatment, the median survival after discovery of brain metastases is one month. 60 and 61 Treatment with steroids both palliates symptoms and prolongs median 
survival to approximately two months.62,63 Radiation therapy is associated with symptomatic improvement and an increase in the median survival to between three and 
six months.64,65 Stereotactic radiosurgery has been applied to lesions under three centimeters, with a median survival of 9.4 months. The exact role of this treatment 
modality has yet to be defined, and to date no randomized trial data are available for review. 48

Results of early surgical efforts were not favorable owing to a lack of availability of steroids and modern-day neuroanesthetic and neurosurgical techniques. 66 The 
availability of steroids, coupled with the development of cortical mapping, laser technology, and the ultrasonic aspirator, has resulted in the development of surgical 
resection of brain metastasis from bronchogenic carcinoma as an important therapeutic option in selected patients. 47,67,68 The median survival of 583 patients treated 
by surgical resection at a major cancer center was 9.4 months, and their operative mortality was 5.3%. 48

Evaluation

The first step in the assessment of a lung cancer patient with a lesion in the brain ( Figure 40.7) is to determine whether or not it represents a metastasis. 69 In 
Patchell's randomized trial of cancer patients with solitary brain lesions, 10% (6 of 59) did not represent metastatic disease, illustrating the importance of establishing 
the diagnosis before developing a treatment plan. 70 Overall, approximately 3% of NSCLC patients develop an operable solitary brain metastasis during the course of 
their disease. The goal of the evaluation, therefore, is to select patients most likely to benefit from surgical treatment of their brain metastasis.

FIGURE 40.7. Brain metastasis from carcinoma of the lung.

Neurologic symptoms precede lung cancer symptoms in about 80% of patients found to have synchronous disease. 71,72,73 Headache is the symptom most commonly 
associated with brain metastasis and occurs in approximately 50% of patients. 74 Focal weakness or hemiparesis occurs in about 40%, and dysphasia, seizure, or 
visual changes occur less frequently. 51,74 Patients with adenocarcinoma have an increased incidence of asymptomatic brain metastases compared to those with other 
non–small cell types.74

Computed tomography (CT) and magnetic resonance imaging (MRI) are the primary radiographic modalities used to evaluate patients suspected of having brain 
metastasis.73,75,76 CTs are more sensitive in detecting small tumors and in assessing the effect of steroids, whereas MRI allows for improved visualization of the 
brainstem.74,75 Since it has been estimated that CT of the head may reveal silent brain metastases in only 3% of lung cancer patients at the time of initial staging, it is 
not cost-effective to include a head CT as part of routine staging in patients who are early-stage by clinical criteria and have no neurologic symptoms.

At presentation, between 30% to 50% of brain metastases are solitary, 20% of patients have two metastases, and 13% have three metastases. Local therapy can thus 
be offered to up to 70% of patients. Only 30% to 50% of patients with brain metastases are candidates for resection ( Table 40.8).45,48,52,55,71,74,77 and 79 Reasons for 
inoperability are: (a) location of metastasis in a surgically inaccessible area, (b) other distant sites of failure detected concurrently, (c) poor general medical condition, 
and (d) anticipated life expectancy of less than three months. 80

TABLE 40.8. PERCENTAGE OF NSCLC PATIENTS WITH SOLITARY BRAIN METASTASIS-AUTOPSY SERIES

One percent of patients diagnosed with lung cancer are found to have a synchronous solitary brain metastasis. A metachronous presentation is more common, and 
the median interval between resection of the lung primary and the diagnosis of a metachronous brain metastasis is 12 months ( Table 40.9).81



TABLE 40.9. INCIDENCE OF SYNCHRONOUS AND METACHRONOUS BRAIN METASTASIS

Supratentorial metastases develop in 66% to 84% of patients. The frontal and parietal regions of the brain are affected most often. Cerebellar metastases account for 
approximately 25% of brain metastases, are solitary about 25% of the time, and may cause symptoms earlier than lesions in other regions. 45,47,73 The distribution of 
brain metastasis reflects a vascular pattern of dissemination, most commonly via the middle cerebral artery. 71

Treatment

When deciding upon the most appropriate treatment option for an individual patient, the following need to be taken into consideration: (a) symptoms, (b) general 
condition of the patient, (c) extent and status of cerebral disease, and (d) extent and status of extracranial disease. Modalities include external beam radiotherapy, 
brachytherapy, surgical resection, stereotactic radiosurgery, and combinations thereof. Chemotherapy can also be used in an adjuvant setting. Mandell and 
colleagues have developed a management algorithm for solitary brain metastases ( Figure 40.8).49

FIGURE 40.8. Algorithm for management of solitary brain metastasis.

Surgery is preferred for (a) solitary lesions associated with significant edema, (b) large lesions, (c) superficial lesions, (d) patients with symptoms requiring immediate 
relief, and (e) lesions associated with hemorrhage. 69 Radiosurgery is recommended if the lesion is deep but less than 3 cm in diameter, if there are medical 
contraindications to surgery, or, in some cases, when the tumor is recurrent.

In the metachronous setting, resection of the intracranial metastasis follows the guidelines above. In the synchronous setting, craniotomy is generally completed first, 
because patients are more often symptomatic from their brain metastasis. If the radiographic appearance of the lung primary suggests it to be unresectable, however, 
thoracosopy may be used to assess this prior to proceeding with craniotomy, if the lung primary is resectable, or other palliative treatment, if it is not. 82

Operative mortality following craniotomy is between 0% to 11.1% in recent series. 70,73,79,81,83,84,85 and 86 Complete resection was accomplished in 90% of the 583 
patients treated at one major cancer center.48 Morbidity averages 20% and is primarily neurological in nature. Improvement in neurological status is reported in 
between 57% and 84% of patients, while 13% to 33% of patients have either stable or worsening neurological status. 47,70,73,77,78,83,86,87 The median duration of 
neurological improvement is 15 months.73,86

Five-year survival after resection of solitary brain metastasis is approximately 20% ( Figure 40.9). Median disease-free survival after resection is between six and 20 
months. A randomized trial comparing surgery plus radiation to radiation alone in patients with solitary brain metastases from solid tumors revealed a decreased 
incidence of local recurrence, increased survival, and prolonged improvement in functional status in the group treated with surgery plus radiation compared to the 
radiation-alone group (20% versus 52%, 40 weeks versus 15 weeks, and 38 weeks versus 8 weeks, respectively). 70

FIGURE 40.9. Survival after resection of solitary brain metastasis from non–small cell lung cancer.

Recurrent cranial disease develops in approximately 50% of patients following surgical management of brain metastasis, and in some series as many as half of these 
recurrences involve the site of original disease. 51,78,81 Craniotomy has been recommended for recurrence only if the disease continues to be limited to the brain. This 
approach can be expected to result in an improvement in neurological status in two thirds of patients and a two-year survival rate of 25%. Despite these modest 
results, most reports caution that the uniformly dismal prognosis of recurrent brain metastases should preclude surgery, and that radiosurgery or a boost of external 
beam radiation therapy is appropriate for most patients. The roles of brachytherapy and chemotherapy have not been assessed. The cause of death in patients with 
brain metastasis from any cancer is due most commonly to either the brain metastasis (25% to 50%), diffuse systemic disease (20% to 25%), or both (10%). 74,78,83

Prognosis



Among patients with lung cancer metastatic to the brain, the most favorable prognosis is associated with a completely resected primary lung tumor. 84,85,86 and 88 Control 
of the primary site of cancer is mandatory for long-term survival. 52,80 Multivariate analysis revealed that wedge resection of the primary lung cancer was the only 
significant prognostic factor, implying that patients with tumors amenable to wedge resection were more likely to survive. 78 The completeness of resection of the lung 
primary was found to impact significantly on the survival of a group of 256 patients with brain metastases from NSCLC. 89 Solitary metastases have a better prognosis 
than multiple metastases,81,88 and surgical management of multiple metastases is rarely indicated. 88 An improved prognosis is associated with brain metastases less 
than 3 cm in diameter.47,80 The prognosis may also be better if the metastasis is either asymptomatic or mildly symptomatic. 74 Whether a brain metastasis is 
metachronous or synchronous has not generally been found to influence survival. 50,78,81,83,87 and 89 It has been reported that both disease-free survival and actuarial 
survival were better among the 35 patients with metachronous disease compared to 15 with synchronous disease (actuarial survival 31% versus 6%). 90 In the 
metachronous setting, however, a prolonged interval between resection of the lung primary and diagnosis of the brain metastasis is associated with improved 
prognosis,90,91 but this has not been a universal finding. 81 While age has not been found to affect prognosis in most reports, a univariate analysis by Hankins and 
associates found that age younger than 55 years was a favorable sign. 47,57,59,61,81,85,90,92 It is unclear whether or not the lymph node status of the primary tumor is of 
prognostic significance in patients who undergo resection of a solitary brain metastasis. 50,78 Similarly, whether or not a supratentorial metastasis is more favorable 
than an infratentorial one is uncertain. 45,51,81,85,87 A recent abstract reported that 31 of 256 patients with cerebellar metastasis had a decreased survival when 
compared to patients with a supratentorial metastasis.89 Salvati's review of eighteen ten-year survivors, however, revealed that none had had a posterior fossa 
metastasis.76

METASTASIS TO OTHER SITES

Sporadic reports have addressed the role of surgery with curative intent in settings where lung cancer has metastasized to sites other than those discussed in the 
preceding sections.1,2,93 Surgical management of lung cancer that has metastasized to bone is palliative and is aimed at restoring functional status. The bone 
represents an isolated site of first recurrence in approximately 5% of lung cancer patients. The prognosis is similar to that of patients who develop brain metastases 
and is worse than in patients who recur in either the ipsilateral or contralateral lung. 58 Bone biopsy is indicated when a solitary focus of suspected metastasis is 
discovered in a patient who is otherwise operable.

Adrenal metastases are found at autopsy in 10% to 59% of NSCLC patients. 94,95,96 Unilateral adrenal masses are discovered in approximately 4% of patients with 
otherwise operable NSCLC but only 40% represent metastatic disease. 3,97 In one series of 598 patients with operable or operated NSCLC, 39 had adrenal masses 
(18 benign, 21 malignant) and 11 of the patients had their adrenal metastasis resected. 4 Patient age, lung cancer stage, or mass size did not help to distinguish 
benign from malignant lesions.99 Proper treatment planning, therefore, mandates cytologic or histologic confirmation of the true nature of a unilateral adrenal mass in 
a patient with NSCLC. In one series, the specificity of needle aspiration biopsy in detecting metastatic disease was 100%; however, nondiagnostic results 
necessitated adrenalectomy in five of ten patients, all of whom had benign glands. 99 The report that 12% of adrenal glands that appeared normal on CT scan 
harbored metastatic disease in a group of 32 NSCLC patients needs to be confirmed. 98 A series of 14 patients found to have isolated adrenal metastasis associated 
with NSCLC revealed a median survival of 22 months for the eight patients treated surgically, compared to 8.5 months for the six patients treated with platinum-based 
chemotherapy.99

Pleurectomy for metastatic lung cancer has been attempted in a handful of patients, either alone or with concomitant lung resection, in the hope of improving quality 
and duration of survival. Disease status was reported in five patients, one of whom had died ten months after lobectomy and pleurectomy. The remaining four patients 
were alive between 15 and 35 months postoperatively; however, only one patient was free of disease. 93 The presence of pleural metastases precludes surgery with 
curative intent.100
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Surgical resection remains a mainstay of therapy for patients with carcinoma of the lung. Unfortunately, any surgical intervention carries with it the potential of 
morbidity and mortality. Although many advances have occurred in the preoperative, intraoperative, and postoperative care of these patients to minimize the risk of 
surgery, complications still occur. 1 Complications after surgery can never be totally eliminated, but they can be minimized by careful attention to the many details of 
prevention. When complications do occur, proper management usually yields a satisfactory result. Prevention includes accurate preoperative assessment, meticulous 
surgical technique, and a knowledge of surgical maneuvers to minimize potential problems.

PREOPERATIVE ASSESSMENT

Traditional attempts to assess surgical morbidity and mortality after pulmonary resection have primarily focused on clinical assessment and static pulmonary function 
testing, such as spirometry, radionuclide scans, and temporary unilateral pulmonary artery balloon occlusion. Nagasaki and associates 2 studied 961 patients 
undergoing surgical treatment for carcinoma of the lung. Variables including age, gender, cell type, extent of resection, cardiopulmonary status, and stage of disease 
were evaluated. The authors found that certain high-risk groups could be identified:

1. patients older than 70 years of age in whom a major resection is necessary;
2. patients with a positive cardiac history;
3. patients with severely restricted pulmonary reserve, regardless of age.

Gender, stage of disease, and cell type were found to have little influence on the frequency of postoperative complications. Kohman and colleagues 3 studied 476 
patients undergoing thoracotomy more thoroughly by analyzing 37 preoperative risk factors, including the forced-expiratory volume at 1 second (FEV1) and arterial 
blood gases, and their effects on morbidity and mortality. Only three of these factors were found to have a significant association with mortality. These consisted of 
age 60 years or older, need for pneumonectomy, and premature ventricular contractions on admission electrocardiogram. However, all these preoperative risk factors 
together were found to account for only 12% of the risk of mortality observed. The authors speculated that most deaths after pulmonary resection might therefore be 
random, unpredictable events. Clearly then, increased accuracy in preoperative assessment necessitates measure of more physiologic parameters.

Boysen and colleagues4 studied the predictive value of simple spirometric testing with and without more specific testing, and concluded that additional testing over 
spirometry did not appear to add any predictive value. In contrast, most investigators believe that static pulmonary function tests lack the specificity and sensitivity to 
predict postoperative cardiopulmonary complications accurately. 5,6 The dilemmas are to define which additional patient parameters will add to the predictive value and 
to accomplish this task in a minimally invasive, cost-effective manner. Keagy and associates 7 sought to increase the predictive value of preoperative spirometry in 90 
patients undergoing pneumonectomy. All patients had forced vital capacity (FVC), FEV 1, and FEV1/FVC ratio measured. The results demonstrated no correlation 
between postoperative morbidity and mortality with FVC, FEV1, and FEV1/FVC ratio. A further limitation of standard spirometric measurements is that they do not 
compensate for variations in body surface area. This reduces the usefulness of such measures when applied to either very large or very small patients.

The diffusing capacity of the lung for carbon monoxide (DLCO) was included in the preoperative assessment of 165 pulmonary resection patients by Ferguson and 
colleagues.6 Using logistic regression analysis, the authors found that the most important single predictor of postoperative complications or death was the 
preoperative DLCO. The DLCO estimates pulmonary capillary surface area and can reveal diffusion defects and emphysematous changes even with acceptable 
spirometric values. This increase in sensitivity and predictive value appears to justify measurement of diffusion capacity as part of the preoperative assessment. In a 
retrospective review of 376 patients, Ferguson 8 noted that the most reliable predictor of postoperative complications was the percent predicted postoperative diffusing 
capacity. Predicted postoperative FEV 1 percent was also analyzed in this review, and statistical analysis determined that there was no correlation between PPO FEV 1 
percent and PPO DLCO percent in predicting morbidity or mortality after major lung resection. Each value should be analyzed separately and correlated with the 
planned amount of lung tissue to be removed. Ferguson 9 concludes that a preoperative diffusing capacity under 60% of predicted indicates an increased risk for 
complications following pneumonectomy. This increase in sensitivity and predicted value appears to justify measurement of diffusion capacity as part of the 
preoperative assessment.

Several investigators have sought a more accurate measurement of functional cardiopulmonary reserve. The measurement of maximum oxygen consumption during 
exercise (VO2max) has been used to predict postoperative complications. A postulate is that oxygen consumption is directly related to cardiac output and that a 
reduced peak oxygen consumption may correlate with increased postoperative complications. Bechard and Wetstein 10 reported minimal risk of postoperative 
complications in 50 consecutive patients in whom the VO2max was greater than 20 mL per kg per minute. Patients with a VO2max of less than 50 mL per kg per minute 
accounted for 75% of all postoperative complications observed. Bolliger 11 concluded that a VO2max under 10 mL per kg per min is predictive of a high risk of 
complications following any pulmonary resection and could even be considered prohibitive. A value greater than 20 mL per kg per min or greater than 75% of 
predicted normal is safe for major pulmonary resection, including pneumonectomy.

Recent studies have evaluated exercise oximetry to predict operative risk. Rao 12 carried out a retrospective analysis of 299 patients who underwent both exercise 
oximetry and spirometry. Sensitivity of oximetry was low, but compared with spirometry it more reliably predicted prolonged hospital stay and respiratory failure. Ninin 
and colleagues13 evaluated 46 consecutive patients undergoing pneumonectomy with exercise oximetry and concluded that exercise oximetry was predictive of 
morbidity and prolonged intensive care stay following pneumonectomy. Prospective randomized trials are needed to confirm the reliability of this test.

Although much effort has been expended to define high-risk patient populations for pulmonary resection, the dilemma of choosing appropriate therapy for such 
patients remains. Postoperative deaths are dreaded by all involved. However, a more conservative approach might deny a patient a potentially curative resection. 
Vigorous preoperative respiratory therapy, cessation of smoking, bronchodilator therapy, and even short-term corticose steroid therapy have been shown to improve 
the operability of lung cancer patients with marginal pulmonary reserve. 14 Finally, tailoring the procedure to the patient, such as a segmentectomy versus a lobectomy 
or sleeve lobectomy versus a pneumonectomy, might also offer an otherwise marginal patient the chance of a curative procedure. For more discussion of preoperative 
risks see Chapter 36.



ARRHYTHMIAS

Atrial and ventricular arrhythmias can occur after pulmonary resection. Many factors may contribute to the development of arrhythmias postoperatively ( Table 41.1), 
with potentially serious complications. As early as the 1940s, several investigators noted the increased incidence of arrhythmias after pulmonary resection. 15,16 The 
incidence of arrhythmias after pulmonary resection has been cited as 3.4% to 30%. Atrial arrhythmias are far more common, consisting of fibrillation, flutter, and 
supraventricular tachycardia. 17,18 and 19 Loss of sinus rhythm adversely affects cardiac output, with resultant decrease in coronary, renal, and cerebral blood flow. When 
arrhythmias do occur, it is usually during the first few days after surgery and most commonly on the second or third postoperative day. Shields and Ujiki 18 studied 125 
consecutive patients and reported a 22% mortality in those patients who developed a postoperative arrhythmia, as compared with a 7% mortality in patients who 
remained in normal sinus rhythm. These findings are consistent with a series of 236 pneumonectomy patients studied retrospectively by the Mayo Clinic. 15 In this 
study, the authors observed a 25% 30-day mortality in patients developing tachyarrhythmias after surgery.

TABLE 41.1. POTENTIAL FACTORS RELATING TO POSTOPERATIVE ARRHYTHMIAS

The relation of age to the development of postoperative arrhythmias is somewhat conflicting in the literature. Although some authors 17 have reported a near linear 
relationship between the incidence of arrhythmias with increasing age, Krowka and associates 20 studied 236 pneumonectomy patients and failed to demonstrate any 
significant association between the patient age and development of arrhythmias. It seems intuitive, however, that age should be a strong predictor of postoperative 
arrhythmias, because the conduction system also ages, as reflected by a decreasing number of functional sinus node pacemaker cells. 21 In addition, patients of 
advanced age are more likely to also have coexisting predisposing factors. This is consistent with the findings of Wheat and Burford 19 of a 50% incidence of 
postoperative arrhythmias in patients 70 years and older who underwent pulmonary resection.

Several series have confirmed a direct relationship between the magnitude of resection and the incidence of postoperative arrhythmias. Mowry and Reynolds 17 
reported an overall incidence of 19.4% after pneumonectomy as opposed to 3.1% after lobectomy in their series of 301 patients. Other series 18,19 have observed a 
less dramatic disparity and have suggested that the relationship between the incidence of arrhythmias and the magnitude of resection is less pronounced in the older 
population. Krowka and associates20 studied the relationship between preoperative pulmonary function and the incidence of postoperative arrhythmias. Although they 
did not demonstrate a firm correlation, they did report an increased incidence in patients with radiographic evidence of fluid overload after a pneumonectomy. This 
would follow, because right heart distention is felt to be an important factor in the development of postoperative arrhythmias. Wittnich and associates 22 pointed out 
that Swan-Ganz measurements of pulmonary artery pressures may not be accurate after pneumonectomy. In this situation, the inflation of the balloon tip catheter to 
measure pulmonary wedge pressure may in fact increase right ventricular afterload, with resultant decreased cardiac output and therefore decreased left atrial 
pressure. The authors suggest that in this situation, central venous pressure measurements may in fact be a more accurate measure of true cardiac output.

Although many known factors contribute to postoperative arrhythmias, we still cannot accurately identify patients that are of the greatest risk of developing them. In 
addition, while may studies have used preoperative digoxin or low-dose beta-blockage in the prevention of postoperative arrhythmias, the data are conflicting. Digoxin 
has long been the drug of choice for the prevention of arrhythmias following thoracic surgery. However, potential side effects and the development of newer 
pharmacologic agents have diminished its popularity. Digoxin's predominant action is thought to be a slowing of conduction through the AV node, mediated by 
enhanced vagal tone. This is consistent with the known effect of digoxin in slowing the ventricular response to a rapid supraventricular rate while at the same time 
being relatively ineffective in converting to a sinus rhythm. This mechanism is also consistent with the observation of a reduced efficacy of digoxin in the immediate 
postoperative period, when andrologic influences are more pronounced.

There is some evidence that low-dose beta-blockage may have a beneficial prophylactic effect. However, many of the patients presenting for pulmonary resection 
have underlying pulmonary disease or reduced ventricular function and are therefore not ideal candidates for the administration of beta-blocking agents. 23,24

The prophylactic administration of the calcium-channel-blocking agent verapamil has been shown to reduced significantly the occurrence of postoperative arrhythmias 
following thoracotomy.25 In addition, verapamil was found to lower right ventricular systolic and diastolic pressures, an important action because elevated right-sided 
pressures are felt to predispose to atrial arrhythmias. 26 A recent study by Van Mieghem and associates27 demonstrated that a relatively large dose of intravenous 
verapamil (10 mg bolus) following pulmonary resection effectively reduced the incidence of atrial arrhythmias by 50%. However, side effects such as bradycardia and 
hypotension seen with this dosage led to discontinuation of the drug in many patients.

Diltiazem, also a calcium-channel-blocking agent, has been shown to be equally efficacious to verapamil in treating atrial arrhythmias, but with fewer side effects. This 
has led to the greater acceptance of this agent in the postthoracotomy patient. 28,29 Amar30 recently reported on a comparison of diltiazem and digoxin for the 
prevention of postoperative atrial arrhythmias in pneumonectomy patients. They found that when compared to digoxin, diltiazem was safe and more effective in 
preventing atrial arrhythmias in these patients. In addition, the observed incidence of postoperative arrhythmias in digoxin treated patients was similar to that 
observed in the untreated controls. Amiodarone has also been used in the treatment of postoperative atrial arrhythmias; however, its association with the development 
of pulmonary infiltrates and dysfunction has prevented its widespread acceptance in pulmonary resection patients.

Once postoperative arrhythmias such as atrial fibrillation occur, there are several therapeutic guidelines that should be followed. First, the heart rate should be acutely 
controlled. Rapid atrial fibrillation results in poor cardiac filling and therefore reduced cardiac output. Digoxin can be administered intravenously over several hours to 
a total loading dose of 1 mg in the adult patient. However, digoxin does not slow the ventricular rate acutely and often requires several hours to produce an effect. In 
addition, digoxin does not reliably convert the patient to a sinus rhythm nor maintain the sinus rhythm. Postoperative atrial fibrillation with a rapid ventricular response 
requires prompt intervention and generally responds to intravenous calcium-channel-blocking agents such as diltiazem, as previously discussed. In addition, 
underlying predisposing conditions such as metabolic derangements or hypoxia should be accurately sought and corrected. Digoxin may be used as an initial drug in 
patients with compromised ventricular function and in patients not hemodynamically compromised by the increased ventricular rate, which would require a more 
rapidly acting agent. Conversion to normal sinus rhythm in patients with refractory atrial fibrillation or flutter generally requires administration of other pharmacologic 
agents such as quinidine or procainamide. Rarely do patients become so refractory that they require electrocardioversion unless they have a long history of 
preoperative atrial fibrillation. Patients who require pharmacologic conversion should generally be kept on these medications for at least three months after surgery.

Patients undergoing lobectomy are generally not prophylactically digitalized. If postoperative atrial arrhythmias occur, the patient is treated pharmacologically. In 
contrast, pneumonectomy patients are generally prophylactically digitalized and maintained on a daily dose postoperatively. As previously mentioned, there are no 
data indicating that this prevents the patient from experiencing atrial fibrillation, but it should prevent a rapid ventricular response should atrial fibrillation occur. 
Occasionally a planned lesser resection results in a pneumonectomy secondary to intraoperative findings. In these situations, the patient is loaded with digoxin 
postoperatively and maintained on a daily dose. All pulmonary resection patients should have cardiac monitoring for at least 24 hours postoperatively. We generally 
extend the observation period in pneumonectomy patients and in older patients with other comorbid conditions that might predispose them to arrhythmias.

POSTRESECTION PULMONARY EDEMA



Noncardiogenic pulmonary edema following lung resection was first discussed by Gibbon and Gibbon 31,32 in 1942. At that time, they reported on two patients who had 
undergone bilateral lobectomies and succumbed within 12 hours of surgery. This clinical experience as well as experimental studies conducted in a feline model led 
the authors to conclude that edema occurs because of increased capillary blood pressure following acute reduction of the pulmonary vascular bed. More recently 
Zeldin and associates33 compiled ten cases from several institutions and retrospectively compared them with controls. After comparison, the authors identified three 
significant risk factors for postresection pulmonary edema (PPE); right pneumonectomy, increased administration of perioperative fluid, and high urine output as a 
sign of relative overhydration. In conclusion, it was recommended that “the anesthesiologist must not boldly load the patients up with fluids prior to induction.” Since 
then, several more recent studies have confirmed and expanded upon this earlier work. Verheijen-Breemhaar 34 and associates reviewed 243 pneumonectomy 
patients in the Netherlands and found that postoperative pulmonary edema occurred in 4.5% of patients, with a mortality rate of 27% in affected patients. As in 
Zeldin's33 report, the authors found an increased incidence of PPE in right versus left pneumonectomy patients and in those who had a more positive fluid balance as 
well as in patients who required reoperation for bleeding. Patel and associates 35 retrospectively studied 197 pneumonectomy patients in England and found a 15% 
incidence of postoperative pulmonary edema and a mortality rate of 43%.

A larger series involving 402 lung resection patients from Leeds, England, was reported by Waller and associates. 36 In this series, PPE occurred in 5.1% of right 
pneumonectomies, 4.0% of left pneumonectomies, and 1% of all lobectomies. The mortality rate was 55% in patients who developed this complication. Interestingly, 
these authors did not observe a correlation between perioperative fluid administration and postresection pulmonary edema, which prompted discussion regarding 
other possible mechanisms. Turnage and Lunn37 retrospectively reviewed charts on 806 pneumonectomy patients at the Mayo Clinic and found 21 cases (2.6%) who 
experienced postresection pulmonary edema. Affected patients had a 100% mortality rate and histologic evidence of adult respiratory distress syndrome (ARDS) at 
autopsy. Patients who had a right-sided resection had a threefold higher incidence of PPE as compared to left pneumonectomy patients. Interestingly, no significant 
difference was found between the affected patients and age- and sex-matched control groups with regard to administration of perioperative fluids. The authors 
concluded that while postresection pulmonary edema is more common following right pneumonectomy, the etiology was still uncertain. Shapira and Shahian 38 
reviewed the literature in their report and confirmed that pulmonary edema developed in approximately 4% of patients following a major lung resection. They further 
concluded that several factors were involved in the pathogenesis of interstitial pulmonary edema. Finally, in a recent review by Deslauriers and colleagues, 39 current 
understanding of factors associated with the development of postresection pulmonary edema was presented and summarized in Table 41.2.

TABLE 41.2. POSTPNEUMONECTOMY EDEMA

Pathogenesis

Slinger40 pointed out in his review that the cause of PPE was probably multifactorial since no single factor could adequately explain the clinical experience. He further 
characterized the causes of PPE into probable, possible or of questionable influence ( Table 41.3).

TABLE 41.3. CAUSES OF THE POSTPNEUMONECTOMY PULMONARY EDEMA

Fluid overload has been implicated in the pathogenesis of PPE since the early work of Gibbon and Gibbon, 31,32 and almost certainly plays a major role. Forty years 
later, Zeldin and associates 33 confirmed the role of overhydration in the canine model. In their study, dogs were randomized to receive lactated Ringers at 100 mL per 
kg before or during a right pneumonectomy, and compared to a control group that received lactated Ringers but no resection. Six of the 12 pneumonectomy dogs 
developed PPE, while none of the controls did [p = less than 0.05]. The authors concluded that following pneumonectomy, the entire cardiac output is directed to the 
remaining lung with resultant increase in the intracapillary pressure, which predisposes to edema formation. Increased cardiac output from catecholamine release 
secondary to pain or from excessive fluid administration will exacerbate this situation.

Interruption of mediastinal lymphatics probably also plays a role in the formation of PPE. In normal lungs, it has been estimated that lymph flow can increase seven- to 
tenfold without leading to pulmonary edema. Following pneumonectomy, a proportional amount of lymphatic channels is removed with the specimen. In addition, 
mediastinal and subcarinal dissection can effectively compromise the lymphatic drainage from the remaining lung. Little and colleagues 41 studied the effect of 
pneumonectomy and mediastinal lymphatic interruption in a canine model. Their findings suggested that following pneumonectomy, the contralateral lung was more 
prone to extravascular fluid development secondary to the loss of parenchymal and hilar lymphatic drainage routes. Nohl-Oser 42 has further described the lymphatic 
drainage of the lung and mediastinum and reported that the lymphatics from the right and left lungs are notably different. The majority of lymphatic channels from the 
left lung cross the midline. Therefore a right pneumonectomy is more likely also to disrupt lymphatic drainage from the remaining left lung, possibly contributing to 
edema formation.

Other possible factors implicated in the formation of PPE include increased capillary pressure and endothelial cell damage producing a “leaky capillary” situation. This 
is consistent with an ARDS histology previously described in these patients.

Preventative Maneuvers

As previously described, following pneumonectomy the entire cardiac output is directed to the remaining lung, with resultant elevation in pulmonary capillary pressure. 
Because of this, efforts should be made to restrict fluid administration during the intraoperative and early postoperative periods. Total positive fluid balance in the first 
24 hours perioperatively should not exceed 20 mL per kg, typically, less than 2 liters intraoperatively followed by less than 50 mL per hour postoperatively for an 
average adult. Urine output greater than 0.5 mL per kg is unnecessary in the early postoperative period unless renal insufficiency exists. Placement of a central 



venous pressure monitoring line is often useful in assessing intravascular volume and will aid in the decision to administer diuretic or inotropic therapy.

Adequate pain control is essential to minimize catecholamine release with resultant increase in cardiac output. Recently, lumbar or thoracic epidural anesthesia has 
proved extremely useful in this situation by providing adequate pain control without oversedation of the patient.

Avoidance of mediastinal shift and overdistention of the remaining lung is also essential. Experimental work by Raffensperger and colleagues 43 in dogs confirmed that 
overdistention of the contralateral lung following pneumonectomy led to deterioration in lung function. These changes were reflected by an increase in the 
alveolar-arterial gradient. It is now believed that acute hyperinflation of the remaining lung is probably a significant factor in the development of PPE.

Treatment

As previously stated, the development of PPE is associated with a mortality rate in excess of 50%. Current therapy advocated is supportive and essentially the same 
as for ARDS. This generally consists of fluid restriction, diuretic therapy, and maintenance of adequate oxygenation and nutritional support. Most patients will require 
intubation and mechanical ventilation. Unfortunately, prolonged ventilation may increase barotrauma and bronchial stump dehiscence. Inspired oxygen concentrations 
of 80% to 100% may be required to maintain adequate arterial saturation. Peak inspiratory pressures greater than 30 mm of mercury should be avoided if possible. 
Empiric administration of antibiotics is probably of little benefit because the underlying process is not infectious in nature.

Mathisen and colleagues44 have recently reported on the use of inhaled nitric oxide in a series of ten PPE patients with reasonable success. In their series affected 
patients were treated with standard supportive measures plus inhaled nitric oxide at 10 to 20 parts per million. Overall mortality for this limited series was 30%. Finally, 
in refractory cases, extracorporeal membrane oxygenation (ECMO) may improve survival, but its role is not yet fully defined.

CARDIAC HERNIATION

Cardiac herniation is a rare but potentially lethal complication that can occur after pulmonary resection when a pericardial defect is created. The mechanism is simply 
anatomic displacement of the heart through the pericardial defect, which results in entrapment of the heart, thereby effectively obstructing both venous inflow and 
arterial outflow. This results in elevation of central venous pressure and resultant diminished cardiac output. 45 This complication was first reported in 1948 after a left 
intrapericardial pneumonectomy with resultant pericardial defect. 46 Since then, about 30 additional cases of cardiac herniation have been reported after both left and 
right pneumonectomies. Patients who develop cardiac herniation typically experience cardiovascular collapse, and if not promptly reoperated to reposition the heart 
within the pericardial space, death ensues. Most series in the literature have reported about a 50% mortality rate with this complication. 47,48 Physical findings include 
cardiovascular collapse with tachycardia, hypotension, and jugular venous distention. This complication usually occurs either during the procedure or in the immediate 
postoperative period. Beyond that time, intrapericardial adhesions usually form, thereby preventing gross displacement of the heart. The precipitating event is often a 
change in the patient's position, coughing, positive pressure ventilation, or excessive negative pressure in a pneumonectomy space. A chest radiograph often 
diagnoses right-sided herniation ( Figure 41.1), but left-sided herniation can be somewhat more difficult to appreciate on a standard posteroanterior film. A lateral 
chest radiograph may help to demonstrate posterior displacement of the heart. Fluoroscopy has also been suggested as a diagnostic aid in this condition, but this 
may needlessly postpone timely reexploration to reduce the herniation. Any patient suspected of having cardiac herniation should undergo prompt reexploration and 
repositioning of the heart into the pericardial space. The pericardial defect should then be closed to prevent reoccurrence.

FIGURE 41.1. A: Cardiac herniation after radical right pneumonectomy. B: Chest radiograph after repair with prosthetic patch to close the defect in the pericardium.

To prevent cardiac herniation, some authors have advocated wide excision of the pericardium to prevent entrapment and strangulation of the heart through a small 
defect. Others have documented the inability of partial pericardiectomy to prevent hemodynamic embarrassment when cardiac displacement does occur. 49 Closure of 
the pericardial defect after a resection is the more widely held method of prevention. Many authors have advocated closure of pericardial defects with a variety of 
materials, including pleura, Vicryl mesh, 24 fascia, and even a latticework of catgut. 48 Dippel and Ehrenhaft50 have advocated a technique of suturing the pericardial 
defect edge to the adjacent atrial and ventricular myocardium.

We believe that all small pericardial defects should be closed. On the right side, large pericardial defects must be closed, owing to the fact that right-sided 
displacement of the heart, even without entrapment, causes hemodynamic compromise. In contrast, large left-sided defects do not necessarily have to be patched 
because the heart normally resides in the left thorax, and further displacement will not result in hemodynamic compromise unless the heart is strangulated through a 
small defect. We generally do not attempt primary closure of pericardial defects but rather place a material such as Gore-Tex, which is durable and easy to suture. 
Suturing of the edge of the pericardial defect directly to the myocardium should be discouraged because of unwarranted risk to the coronary vessels. 51

LOBAR TORSION

Postresection lobar torsion has been most commonly described involving the right middle lobe after a right upper lobectomy. 52 If the middle lobe is not secured by 
either an incomplete transverse fissure or by direct suturing to the remaining lower lobe, the middle lobe can rotate on its bronchovascular pedicle, with resultant 
circulatory embarrassment of the involved lung parenchyma. Schuler 53 reviewed this complication and reported a 16% mortality rate in a series of 31 patients. Less 
commonly, lobar torsion can occur on the left side, either in the left upper lobe after lower lobectomy ( Figure 41.2) or in the lower lobe after upper lobectomy. 54,55,56 
Pulmonary lobar torsion involves rotation of the lung parenchyma on its bronchovascular pedicle. This results in occlusion of the pulmonary veins, with resultant 
infarction and eventual gangrene of the parenchyma involved. Angulation of the bronchus also compromises the bronchial circulation, which further endangers 
remaining lung parenchyma. Pulmonary infarction can also occur postoperatively in the absence of lobar torsion. Pulmonary vein thrombosis, pulmonary artery 
occlusion, and intraoperative damage to the bronchial circulation have all been implicated in postoperative pulmonary infarction. 57



FIGURE 41.2. A: Torsion of the left upper lobe after left lower lobectomy. B: Chest radiograph after repositioning of the left upper lobe and fixation with a pleural flap.

Early recognition of this complication is essential to prevent irreversible damage to the involved lobe. A baseline chest radiograph should be obtained shortly after the 
completion of any pulmonary resection. This is done to ascertain that all remaining lung tissue is fully expanded, with proper positioning of chest tubes. Radiographic 
findings consistent with torsion include hilar displacement, bronchial cutoff, and lobar consolidation. Nuclear perfusion scans and pulmonary angiography can support 
the diagnosis by demonstrating lack of arterial blood flow to the affected lobe. However, pulmonary artery blood flow is also decreased in patients with large areas of 
atelectasis or postoperative parenchymal hematomas. Urgent flexible bronchoscopy should be considered to examine the bronchus and remove any retained 
secretions, thereby facilitating reexpansion of the pulmonary parenchyma. A bronchus with a “fish-mouth” occlusion generally indicates that torsion has taken place. 
The bronchoscope can be manipulated through the narrowed area, only to have the bronchus reobstruct after removal of the bronchoscope, which is a diagnostic 
finding. Clinically, the patient may lack any significant symptoms early in the postoperative period. However, once the parenchyma has infarcted with ensuing 
gangrene, patients commonly develop foul-smelling or blood-tinged sputum, fever, and malodorous chest drainage. 58,59 If left untreated, these patients can progress 
to frank sepsis with hemodynamic instability and even death. Treatment consists of early recognition of this condition in the postoperative period and a low threshold 
for performing flexible bronchoscopy in any patient suspected of having this condition. Reexploration is required with repositioning of the affected lobe, securing it to 
the adjacent lobe to prevent recurrence. If the affected lobe is clearly infarcted at the time of reexploration, resection is mandatory.

Prevention of lobar torsion is essential and begins in the operating room after pulmonary resection. Careful inspection of the remaining lung tissue should be 
performed while the lung is carefully reexpanded. Complete interlobar fissures permit rotation of a remaining lobe and should be prevented by placement of sutures to 
the adjacent lobe. Avoidance of unnecessary dissection of a fissure also minimizes this complication. Finally, any inadvertent compromise of lobar venous drainage 
results in pulmonary infarction (Figure 41.3). When recognized intraoperatively, the affected lobe should be resected if the venous injury is not easily repaired. 
Accidental ligation of the middle lobe vein requires middle lobectomy.

FIGURE 41.3. Pulmonary infarction caused by obstructive venous drainage of the right upper lobe.

ATELECTASIS

Atelectasis after thoracotomy is probably the most common postoperative complication. The reported incidence varies widely in the literature as a result of an inability 
adequately to define significant atelectasis. An incidence as high as 70% has been reported, but other large series of patients generally agree on an overall incidence 
of 20% to 30% after thoracotomy.2,60,61

Atelectasis was previously believed to result from mucus plugging of small airways, with resultant distal gas absorption and alveolar collapse. 62 Although airway 
occlusion from retained secretions, blood, foreign bodies, or bronchospasm can lead to atelectasis, the etiology is far more complex. Other causes of atelectasis 
include prolonged shallow breathing or splinting secondary to pain, absorption atelectasis with high inspired oxygen concentration, and parenchymal compression 
from retraction, hemothorax, pneumothorax, or other space-occupying lesions.

At least two mechanisms normally prevent alveolar collapse. The first is a periodic sigh breath, which is generally twice the usual resting tidal volume and serves to 
recruit collapsed alveolar. Patients who have shallow breathing secondary to pain and ventilated patients with inadequate tidal volumes may experience progressive 
alveolar closure with resultant atelectasis. 63,64

The second preventive physiologic mechanism involves surfactant, a normally occurring wetting agent in the alveoli. LaPlace's theorem states that the surface tension 
of a distensible sphere increases proportionately as the radius decreases. This relation alone would favor collapse of smaller alveoli into larger units. Surfactant, 
however, acts to reduce the surface tension within alveoli and thereby prevent preferential collapse of smaller alveoli. Conditions such as malnutrition, sepsis, 
parenchymal injury, and prolonged collapse can adversely affect production of surfactant and predispose to alveolar collapse.

A condition known as absorption atelectasis merits comment. Normally, the sum of the partial pressures of gases in the alveoli exceeds the partial pressure in mixed 
venous blood. It follows that, with proximal airway occlusion, distal gases in the alveoli are absorbed, resulting in alveolar collapse. In addition, a higher concentration 
of oxygen in the trapped or anesthetic gases is more readily absorbed, thereby hastening the process.

Physiologically significant atelectasis results in decreased lung compliance, functional residual capacity, and vital capacity. This results clinically in increased work of 
breathing and impaired gas exchange.65,66 Patients typically manifest with varying degrees of fever, tachycardia, tachypnea, and impaired gas exchange. Atelectasis 
may also render the lung more susceptible to infection. 67 Physical findings usually include crackles over the affected area. More extensive atelectasis results in 
tubular breath sounds, indicating involvement of entire segments or lobes. Sudden stoppage of an air leak frequently occurs with atelectasis. The radiologic 
appearance of atelectasis varies depending on the extent of involvement. Linear horizontal densities in the basilar segments are typical of small areas of atelectasis 
and usually occur near the diaphragm. Larger areas can usually be visualized if entire segments are involved, and this can progress to collapse of an entire lobe.

Several maneuvers can be extremely valuable in the prevention of postoperative atelectasis. Patients must refrain from smoking for as long as possible before 
thoracotomy. In addition, any bronchospasm detected either clinically or on preoperative pulmonary function testing should be minimized with medical therapy. Patient 
training and use of incentive spirometry should be initiated in the preoperative period and continued postoperatively. Adequate analgesia is essential to prevent 
splinting and to allow adequate pulmonary hygiene. We continue to use epidural analgesics routinely for three to five days postoperatively because they provide 
excellent pain relief with minimal adverse effects. 68

Treatment of postoperative atelectasis involves many of the principles used in its prevention. Airways must remain free of retained secretions, and collapsed lung 
tissue must be reexpanded. Adequate postoperative analgesia is essential to allow for deep breathing, effective cough, and therapeutic physiotherapy. Epidural 
analgesia is an effective means of obtaining adequate analgesia without significant sedation. Local analgesics or opiates are injected into the epidural space 
continuously to achieve the proper level of analgesia. Contraindications to placement of an epidural catheter include bleeding diathesis, spinal deformity, neurologic 
deficit, or local infection in the area of catheter placement. Side effects and symptoms of overdosing include respiratory depression, nausea, pruritus, urinary 
retention, and hypotension secondary to peripheral vasodilatation. We routinely leave epidural catheters in place for 72 hours postoperatively but have maintained 
selected patients for up to five days.

Patient positioning in the early postoperative period is also important. Functional residual capacity declines by about 40% in the supine position as compared with 
upright. Routine elevation of the head of the bed to 45 degrees and early ambulation promote effective inspiration. Incentive spirometry is inexpensive and effective in 



preventing atelectasis. Patients are best trained in this technique preoperatively.

Intermittent positive-pressure breathing may be of some benefit in selected patients but has generally not been effective in treating postoperative atelectasis. 60,65 
These results, along with increased cost, have persuaded many to abandon this technique.

Patients with thick or copious secretions require a more aggressive approach. Nasotracheal aspiration is effective when performed by personnel experienced in 
passing the catheter into the trachea. Passing a catheter through a nasal trumpet may facilitate the process while decreasing patient discomfort. Caution should be 
exercised when passing the catheter blindly into a patient's airway after pneumonectomy or a bronchoplastic procedure. Also, prolonged suctioning can precipitate 
hypoxia and should therefore be performed only intermittently for short periods following administration of supplemental oxygen.

A technique of percutaneous cricothyroidotomy, or “minitracheostomy,” has been developed. A 20F tracheostomy tube is inserted into the trachea through the 
cricothyroid membrane under local anesthesia. Au and colleagues 69 reported using this technique in 144 postthoracotomy patients. The minitracheostomy tract was 
found to be a relatively safe and effective means to prevent postoperative sputum retention. Others 70,71,72 have confirmed the efficacy of this technique for pulmonary 
hygiene and treatment of atelectasis secondary to retained secretions. Complications with this technique are uncommon and consist mostly of bleeding at the 
insertion site. Catheter aspiration, pneumothorax, and vocal cord dysfunction from hematoma have also been reported. 73,74

Patients who require more aggressive treatment of secretions should undergo flexible bronchoscopy ( Figure 41.4). Routine use of flexible bronchoscopy for the 
prevention of postoperative atelectasis has been studied prospectively and found to offer no advantage over other less invasive techniques. 63,75 However, in the 
setting of significant pulmonary collapse or after bronchoplastic procedures, fiber-optic bronchoscopy is a safe and effective method to aspirate secretions under 
direct vision. Bronchoscopy can be easily performed at the bedside using local analgesia and, if necessary, can be repeated often. 76 Treatment of postoperative 
atelectasis should be graded according to the patient's clinical status and risk factors as described by Massard. 77

FIGURE 41.4. A: Atelectasis of the residual right middle and lower lobes after right upper lobectomy and chest wall resection. B: Full expansion after aspiration of 
retained secretions by flexible fiberoptic bronchoscopy.

BRONCHIAL FISTULA

The incidence of bronchopleural fistula after pulmonary resection is reported to be under 5%. 78,79,80 Both systemic and local factors are associated with the 
development of a bronchopleural fistula, and a lung cancer patient may be particularly prone to this complication. Systemic factors include the patient's general 
nutrition status and the presence of sepsis. Lung cancer patients frequently lose weight, and the ability of tissues to heal is decreased. Sepsis can also retard 
bronchial healing, and many patients with an obstructive endobronchial neoplasm have distal pneumonitis producing chronic low-grade infection. Neoadjuvant 
protocols for the treatment of clinically advanced lung cancer include chemotherapy and radiation. Effects of chemotherapy can be debilitating to the patient, and 
depleted nutritional status can be a significant factor in the development of a bronchial fistula. Radiation destroys small blood vessels, creates fibrous tissue, and is 
associated with an increased incidence of bronchial fistula. 81 Vester and colleagues78 reported that, of 33 patients who developed a bronchopleural fistula after 
resection for bronchogenic carcinoma, 20 had received radiation or chemoradiation. It is mandatory that special care be given to the bronchial stump in all patients 
who have received neoadjuvant therapy.

Numerous studies indicate that the causes of bronchial fistula include devitalization and devascularization by excessive dissection, parabronchial infection related to 
nonabsorbable suture, residual bronchial disease, poor approximation of the mucosa, the length of the stump, and the surgeon's lack of experience. 82 The avoidance 
of the complication of a bronchial fistula implies prevention, and several technical factors can minimize this complication.

Preoperative bronchoscopy is an important step in evaluating the status of the bronchial mucosa at the site of the planned resection. If inflammation is present, 
specific attention is made to the stump closure along with coverage by flaps of tissue for reinforcement and added blood supply. If surgery for the cancer is 
semielective, then it can be delayed for additional supportive therapy and antibiotics.

In a patient with lung cancer, the bronchial tissues must be cleared with care and precise sharp dissection. It is important for the surgeon to have knowledge of the 
anatomic location of the bronchial arteries and to preserve as many as possible despite the necessity for a radical procedure. This is particularly true when carrying 
out mediastinal lymphadenectomy in the lung cancer patient. The subcarinal area is traversed by feeding bronchial arteries, and this dissection must be done as 
carefully as possible to preserve some of these nutrient vessels. The right mainstem bronchus receives its blood supply from vessels posterior to the trachea and 
bronchus, and it is appropriate to not dissect this area if at all possible. The lymphadenectomy between the vena cava and trachea is done carefully to minimize 
damage to the blood supply to the lateral walls of the trachea. On the left side, a large bronchial artery has its origin from the distal transverse aorta and, on occasion, 
can be preserved despite removal of lymph nodes in the aorticopulmonary window. An excessively long bronchial stump accumulates excessive secretions, and its 
distal margin has a limited blood supply; both factors predisposing to poor healing. The bronchus should always be divided as proximally as possible, but closure 
must not compromise the adjacent trachea or bronchial lumen.

The method of bronchial stump closure is generally the surgeon's preference. In 1980, Forrester-Wood 83 reported results of 450 pneumonectomies. Bronchial closure 
was carried out by using stapling techniques in half of the patients, and the other half had bronchial closure with nonabsorbable suture or stainless steel. The 
incidence of fistula formation was 11% in the suture group and 2.6% in the staple group. Vester and colleagues 78 reported on 30 bronchial fistulas in 1773 pulmonary 
resections (1.7%) after staple closure of the bronchus. There were 23 fistulas in 506 pneumonectomy patients (4.5%). Al-Kattan and associates 84 reviewed the 
incidence of bronchopleural fistula in 530 consecutive pneumonectomies after hand-suture closure of the bronchus. Polypropylene suture was used for the closure, 
and there were seven fistulas (1.3%). In 1982, Lawrence and colleagues 79 studied 378 patients undergoing pulmonary resection and found no significant difference 
between the hand-sewn and stapled bronchial closure. The surgeon must be aware of contraindications to close the bronchus by stapling techniques. If the cancer is 
close to the bronchial orifice, as observed by bronchoscopy or identified during hilar dissection, the stapling techniques should not be used. In this instance, the 
bronchus is transected by a knife, and both the proximal and distal margins are inspected. Whenever there is a question about the proximal extent of the cancer, the 
bronchus is transected by knife dissection, and suture closure of the bronchus is carried out. After neoadjuvant therapy, the bronchial tissues can be particularly thick 
and fibrotic. In this instance, careful judgment is required to determine the appropriate type of bronchial closure. A thickened bronchus does not hold the staples, and 
excessive tension permits edges of the bronchus to separate. In this instance, it is recommended that the hand-suture technique be carried out with either 
nonabsorbable or absorbable monofilament suture (see also Chapter 38).

The same principles used in dissecting and closing the bronchus for a pneumonectomy apply to the bronchus after lobectomy. If the tissues are too thick or the cancer 
is too close to the margin of resection, stapling techniques are not used. We prefer to use a 4.8-leg-length staple for the lobar bronchus because there is less 
compression of the tissue and distal blood supply is preserved through the B shape of the staple. Special attention must be given to the bronchial stump of a 
bilobectomy. Vester and colleagues 78 reported ten bronchial fistulas in 965 patients receiving either bilobectomy or lobectomy, and there were nine fistulas after 
bilobectomy for primary cancer of the lung (right upper lobe and right middle lobe, four; right middle lobe and right lower lobe, five). The increased incidence of fistula 
after a bilobectomy undoubtedly relates to the extensive dissection of the bronchus, with a probable decrease in blood supply to the surrounding tissues. It is 



important to consider tissue coverage of the bronchial stump after bilobectomy to minimize this complication. This is particularly true if the patient has received 
neoadjuvant therapy.

Tissue coverage of the pneumonectomy stump can minimize the complication of a small bronchial fistula and can also bring additional blood supply to the bronchus to 
promote healing. All right pneumonectomy stumps should be covered with some form of tissue. The left pneumonectomy stump, if done correctly, retracts deeply into 
the mediastinum, and the decision for tissue coverage requires careful judgment. All pneumonectomy patients who have received neoadjuvant therapy should have 
both the right and left pneumonectomy stumps covered with tissue.

Several methods are available for tissue coverage of a pneumonectomy stump. Al-Kattan and colleagues 84 recommend burying the bronchial stump beneath the 
mediastinal tissues. Azygos vein, adjacent pleura, pericardium, and esophageal wall can all be used for this technique. It was noted that this maneuver is important to 
decrease the incidence of bronchial fistula in patients older than 60 years and in those who underwent resection for lung cancer. A broad-based pleural flap can also 
be used to cover the bronchial stump. The pleura is tacked to both sides of the bronchus with a 4–0 absorbable suture. Only the parabronchial tissues are sutured to 
the pleura, and every attempt is made to avoid placing the needle through the entire thickness of the bronchial wall. This only distorts the bronchus and decreases its 
blood supply. However, the pleura contains few blood vessels and does not enhance the healing process with additional blood supply. For this reason, other tissue 
coverage is generally recommended. The intercostal muscle pedicle flap provides good reinforcement of a bronchial closure. It has also been demonstrated to deliver 
increased blood supply to the bronchial tissue. 85 It is helpful to have made the decision to use the intercostal muscle flap before opening the chest, because the flap 
can be developed with a portion of parietal pleura, ensuring its viability and blood supply. This flap is best created through a posterolateral thoracotomy. When the 
flap is used after completion of the resection, it is not as suitable. The rib spreader can traumatize the intercostal muscle, and the vessel can be damaged by 
retraction or extension of the thoracotomy incision posteriorly. Rendina and associates 85 clearly described the construction of the intercostal pedicle flap. It was used 
in 59 patients, and postoperative angiographic studies of the intercostal artery in 14 patients demonstrated full patency of this vessel.

The serratus anterior muscle provides excellent coverage to the bronchial stump and is the muscle flap of choice for some thoracic surgeons. 86,87 The serratus 
anterior muscle is mobilized at the time of the posterolateral thoracotomy, and its insertion is detached from the ribs with a cautery technique. The lateral thoracic 
artery is preserved, and the muscle is not separated from its scapular attachments until a final decision is made to use it as a tissue flap. Muscle is easily brought 
through the incised third intercostal space or through a defect made by a subperiosteal excision of a small portion of the third rib. The muscle is then sutured in place 
with 4–0 absorbable sutures and amply covers the stump and areas of mediastinal dissection. Care must be taken that the muscle flap is not under tension and that 
its vascularity is not compromised by compression of tissues in the intercostal space. Regnard and colleagues 87 used this technique in seven patients who underwent 
pneumonectomy after 6,000 to 6,500 cGy of radiation. There were four empyemas in this group of patients, but only one recurrent fistula, which was successfully 
treated by antibiotics and additional tissue placed into the pneumonectomy space.

The use of this flap for bronchial coverage is reserved for patients who have received an excessive amount of radiation or when there is concern about the viability of 
the bronchial stump closure. In patients who have received neoadjuvant therapy, the serratus anterior muscle can be preserved during a posterolateral thoracotomy. 
Added exposure is obtained by detaching it from several ribs. If the surgeon decides to use this muscle flap to cover the bronchus, the construction of the flap can be 
completed at the end of the procedure. If this muscle flap is not used to cover the bronchus, then it can be resutured to the tissue adjacent to the ribs, with the incision 
closed in the standard fashion. One problem associated with the serratus flap is that the patient may complain of a winged scapula due to detachment of the fibers 
from the inferior portion of the scapula. We use a broad-based mediastinal fat pad for coverage of both the right and left pneumonectomy stumps ( Figure 41.5). Most 
patients have an adequate amount of fat that extends down to the cardiophrenic angle, and dissection frequently encompasses the lateral wall of the thymus gland. 
The fat pad is sharply dissected from the pericardium and freed to the upper mediastinum; it is easily brought over to the bronchial stump. Its blood supply is not as 
generous as that of a serratus anterior muscle or intercostal muscle flap, but secure tissue coverage is obtained (see Figure 41.5). Again, it is important to place 
fixation sutures in the peribronchial wall, both anteriorly and posteriorly, to secure the coverage. It is not appropriate just to place the fat pad over the bronchus and 
suture to the adjacent pleura, because this does not provide an adequate seal.

FIGURE 41.5. Large mediastinal fat pad covers the right pneumonectomy stump. Arrows depict the superior vena cava, and the head of the patient is to the left.

Use of the omentum is not recommended for routine coverage of pneumonectomy stump. It requires the placement of additional incision in the abdomen and a longer 
operating time than the flaps described earlier. The omentum is reserved for closure of a bronchial fistula if the complication does develop. 88

Patients who develop a bronchial fistula three to four weeks after pneumonectomy expectorate varying amounts of serosanguineous fluid, may become dyspneic, and 
frequently develop subcutaneous emphysema. Chest radiograph illustrates a decreasing amount of fluid in the pneumonectomy space and the presence of 
subcutaneous air. In the hospital, the patient should be positioned with the operated side down to prevent spillage of the pleural fluid into the contralateral lung. 
Without delay or diagnostic studies, a chest tube is inserted into the pleural space to remove all of the fluid. Balanced pleural drainage is preferable, but a standard 
underwater-seal drainage system can also be adequate. The drainage system must not be connected to suction, because detrimental physiologic mediastinal shift 
can occur. Flexible fiber-optic bronchoscopy should be done to evaluate the status of the pneumonectomy stump and clear the airway of any secretions or fluid. With 
the development of vascular tissue flaps for stump coverage, new antibiotics, and the success of antibiotic irrigation in combating empyema, reoperation and 
bronchial stump reclosure can be considered up to 14 days after the initial operation.

If the patient undergoes reoperation, a long single-lumen endotracheal tube is placed into the contralateral bronchus with the aid of the flexible fiber-optic 
bronchoscope under local anesthesia. Precise placement of the endotracheal tube is achieved under direct bronchoscopic visualization and eliminates any possibility 
of contamination of the dependent lung during positioning of the patient. A double-lumen catheter can be used, but it can be difficult to position in the presence of a 
mainstem bronchial fistula, and excessive manipulation of the tube may only make the fistula larger. Proper position of the double-lumen tube must be documented 
with the small-diameter flexible bronchoscope.

The necrotic edges of the bronchial stump are carefully debrided back to viable tissue, and the stump is closed with an interrupted suture technique using 
nonabsorbable monofilament suture. Omentum provides excellent coverage and blood supply to a dehisced bronchial stump, and the pedicle would have been 
prepared before opening the chest.88 If the serratus anterior muscle was preserved at the time of the original thoracotomy, it is also an excellent flap to provide 
coverage for the bronchial fistula. Intercostal muscle and mediastinal fat can also be used, but their blood supply is not as generous as the previously mentioned 
flaps.

The pleural space is cultured to determine whether infection is present and also to obtain antibiotic sensitivities for postoperative antibiotic irrigation. Antibiotic 
irrigations are begun in the first postoperative 48 hours through a previously placed intercostal catheter, and the pleural space is filled twice daily with an appropriate 
concentration of antibiotics and 1,000 mL of sterile saline. The tube is clamped, and the chest is emptied every ten hours. Serum levels of the antibiotics are obtained 
to be certain that toxic blood levels are not present. After ten days of antibiotic irrigation, cultures of the draining fluid are obtained to be certain that the effluent fluid 
is sterile, and the chest tube is then removed. Before removal, the space is filled with the antibiotic solution. If an empyema develops at a later date, it is treated by 
adequate dependent drainage, and the space eventually closed by thoracoplasty or myoplasty or both. The antibiotic sterilization can again be attempted if a fistula is 
not present, as described by Claggett and Gerace. 89



A two-stage procedure is advocated by Deschamps et al.90 for fistula closure and sterilization of the empyema space. The first stage consists of opening of the 
thoracotomy incision with debridement and closure of the bronchial fistula and coverage with viable tissue. The empyema cavity is thoroughly debrided and the cavity 
is packed open with gauze soaked in povidone-iodine solution diluted 20 to 1. The packing is changed daily, and when healthy granulation tissue appears in the 
pleural space, the cavity is filled with antibiotic solution and a watertight chest wall closure is obtained.

The management of a bronchopleural fistula that occurs several weeks or months after pneumonectomy requires that the space be clean and dependently drained. 
This is best accomplished with the open-window thoracostomy or Eloesser flap. 91 The presence of a chronic bronchopleural fistula requires direct closure because it 
will not heal on its own, and the pneumonectomy space cannot be closed or sterilized until the fistula has healed. Puskas and colleagues 91 described successful 
closure of chronic bronchopleural fistulas in 40 of 47 patients (85%) using direct suture closure of the bronchial stump in 37 patients and suturing of omental or tissue 
flaps over the fistula in ten patients. All of these closures were buttressed with vascularized pedicle flaps of omentum, muscle, or pleura. At the time of the bronchial 
fistula closure, the empyema cavity can be obliterated using myoplasty and thoracoplasty techniques. Any residual cavity that remains can be successfully sterilized 
using the Claggett 89 technique.

Failure of sterilization of the residual space can be successfully managed with packing and daily dressing change, with expected obliteration of the space by 
granulation tissue over several months. Pairolero and colleagues 86 used muscle grafts of pectoralis, serratus anterior, latissimus dorsi, and rectus abdominis, along 
with the omentum, and achieved an 88% success rate in closing fistulas and controlling intrathoracic sepsis. Extrathoracic muscle transpositions, along with omentum, 
are now the accepted standard of therapy for treatment of the chronic bronchopleural fistula and empyema. These techniques have significantly decreased the need 
for a disfiguring thoracoplasty, which is the alternative method of treating postpneumonectomy empyema and fistula.

If a pneumonectomy fistula occurs in a long bronchial stump, consideration can be given to the transsternal approach for reamputation of the stump. This is a 
technically demanding procedure, and the surgeon must thoroughly review the literature before embarking on this repair. 93 After successful transsternal closure of the 
fistula, antibiotic sterilization of the pneumonectomy space is done.

Fibrin glue can successfully close a small fistula up to 4 mm in size, and its use should be considered when a small fistula has been identified. Tissue glue in the 
United States can be made from cryoprecipitate and thrombin, and the European version with a stronger tensile strength is now available. Closure of small fistulas in 
both pneumonectomy and lobar stumps has been achieved. The cryoprecipitate and thrombin are instilled through catheters passed through the channel of a 
fiber-optic bronchoscope. This technique is associated with low morbidity and can be the initial therapeutic maneuver if the fistula is small. 94,95

Bronchial fistula after lobectomy is a rare occurrence, and it is more common for a lobar bronchial fistula to occur after a bilobectomy than a standard lobectomy. A 
cancer resection requires an extensive dissection when carrying out a bilobectomy, and bronchial blood supply is jeopardized. The surgeon must pay particular 
attention to closure and coverage of bilobectomy stumps.

Early dehiscence of a bronchial stump after lobectomy is evidenced by a persistent and moderate air leak, a sudden increase in the size of an air leak, or the 
development of a space after chest tubes have been removed. Other symptoms include fever and a cough productive of serosanguineous fluid or purulent material 
from a developing empyema. If a fistula is suspected, bronchoscopy should be carried out. Complete separation of a bronchial closure is obvious, but small defects in 
a lobar bronchus may be difficult to identify. A to-and-fro motion of secretions at the stump, necrotic tissue, and granulations are all indicators of a fistula. If the chest 
tubes have been removed, a new chest tube must be inserted into the developing space as soon as the diagnosis of a lobar stump fistula is made. A decision is then 
made about appropriate therapy.

In general, it is better to treat lobar bronchial fistula in a long-term conservative manner, for several reasons. First, acute debridement of a dehisced lobar stump may 
result in little remaining bronchus to reapproximate, and closure would compromise a mainstem bronchus. Second, to achieve closure of viable bronchial tissue, a 
completion pneumonectomy may be required, with increased morbidity and mortality. Third, the probable infected space may predispose the fistula closure to failure, 
resulting in an increase in morbidity and mortality.

If reoperation for a lobar fistula is decided on, the surgeon has several options. The bronchus can be resected to obtain more healthy tissue, and the stump is 
reapproximated with a fine, nonabsorbable, monofilament suture. If the bronchial tissues are necrotic, the amputation of the bronchus at a higher level must be 
considered. This technique is applicable when a right lower lobectomy stump has developed a fistula, and the middle lobe can be resected with bronchial closure at 
the proximal bronchus intermedius. Sleeve lobectomy can be considered after an upper-lobe bronchial fistula, but the surgeon must be aware of possible anastomotic 
failure along with probable difficulty in reexpansion of the residual lung tissue. All reoperative bronchial closures must be covered by a viable tissue flap.

Despite the fact that adequate tube drainage after lobar bronchial fistula may result in a more protracted course, a successful long-term result can usually be 
achieved. Myoplasty or thoracoplasty, or both, may be necessary to close the fistula and obliterate the associated space, but they are accomplished at less risk when 
the patient's condition is able to withstand a second operation. Tube drainage is maintained until the residual lung tissue is adherent to the parietal pleura, and the 
fistula is then treated as a chronic problem. A small fistula may eventually close with fibrotic resolution of the space, but most remain open. Basic criteria to be carried 
out include control of the underlying disease process and a clean, dependently drained space. 96

SPACES AND AIR LEAKS

A decrease in the incidence of the development of the postoperative space and prolonged air leak directly results in a decreased incidence of postoperative 
complications. The lung cancer patient is particularly prone to the development of these complications. The normal mechanisms of compensation for the loss of lung 
tissue are (a) expansion of the residual lung, (b) mediastinal shift, (c) narrowing of the intercostal spaces, and (d) elevation of the diaphragm. Frequently, lung cancer 
patients have had neoadjuvant irradiation and chemotherapy, and there is fibrosis in the mediastinum that limits its ability to shift its position. The lung tissue, if fibrotic 
from irradiation, does not fully expand, and parenchymal air leaks fail to heal. The elderly lung cancer patient is prone to prolonged air leaks from emphysematous 
lung tissue.

Most persistent air leaks originate from small bronchi or disrupted alveoli and can be termed alveolo-pleural fistulas. Most air leaks close within seven days of the 
operative procedure, but some require special maneuvers in an attempt to stop the leak. Alveolo-pleural fistulas originate from lung tissue that has been denuded of 
its visceral pleura, incomplete lung fissures, the raw surface of a segmentectomy, and nonanatomic resections for neoplasms. These leaks can be minimized at the 
time of resection by careful attention to technical detail, and prevention is the best method of treatment.

The use of the stapler can minimize air leaks from a divided minor or major fissure and helps to separate the upper lobe from the middle lobe. The stapling device can 
also minimize air leaks when carrying out wedge resection or segmental resection, depending on the surgeon's technique. The staple line should be reinforced with a 
bovine pericardium or Gore-Tex when the lung tissue is emphysematous. At the close of the operation, the anesthetist fully expands the lung to 20 to 25 cm of airway 
pressure with the lung and bronchus submerged in saline, and the bronchial stump and lung parenchyma are carefully observed. Air leaks from staple lines and 
disrupted parenchyma are closed with fine, interrupted absorbable sutures. Small air leaks near the hilum can be approximated with carefully placed sutures to avoid 
damage to major arteries or veins. A defect in the bronchial stump is repaired.

A pedicle flap of pleura can be used to cover air leaks from tissue just as well as it can cover a bronchial stump. Absorbable sutures can be placed through the pleura 
and then through the lung tissue to anchor the pleura flap securely over the leaking area of lung. On occasion, a free graft of pleura can be used to reinforce sutures. 
If a segmentectomy has not been done by the stapling technique, the residual segmental lung surface can be approximated to the adjacent lobe. This technique is 
particularly applicable to posterior, superior, anterior, and medial basal and lingular segmentectomies.

If an air leak persists at seven days, there are several therapeutic maneuvers that can be attempted. Suction can be discontinued, because it is possible that the 
increased negative intrapleural pressure is maintaining the air leak, and discontinuing the suction will cause the leak to close. A chest radiograph is obtained in 24 
hours, and if a space is developing, the suction is restarted. Chest-tube suction is maintained for the initial postoperative seven days because it has been our 
experience that if the lung collapses in the early postoperative period, reexpansion can be difficult, with a resultant residual space. A second maneuver is to withdraw 
the anterior chest tube by 1 or 2 inches. A chest-tube hole may be directly adjacent to a small air leak; repositioning the tube allows the lung to expand, and the 
leaking lung surface adheres to the parietal pleura. Suction is never increased if the residual lung is fully expanded because increased suction may potentiate the air 



leak.

If the lung remains expanded after discontinuation of suction, consideration can be given to removing the chest tubes, despite the presence of a small air leak. This 
technique can be successful, but if a space does develop, a chest tube must be reinserted. Suction is maintained until the air leak stops or the patient is discharged 
with a Heimlich valve attached to the leaking chest tube. The patient is seen at weekly intervals in the office. The leak usually stops by the time of the first office visit, 
and the tube is then removed. It may be necessary to leave the tube in place for an additional two to three weeks until the air leak stops. If the air leak persists four 
weeks after hospital discharge, the patient is considered to have an empyema, and open drainage is instituted. The tube is then shortened by 1 or 2 inches at weekly 
intervals until it is removed. This method of tube management is predicated on the fact that the patient does not have an infected space and the lung is expanded.

There are no specific guidelines for the indications of reoperation of a patient with a persistent air leak at seven to 14 days. Factors that play a role in this decision 
include the general condition of the patient, the emphysematous nature of the remaining lung, the speculated cause of the persistent air leak, and the presence and 
magnitude of an intrapleural space. Reoperation and necessary decortication can create new air leaks, and careful judgment is required to reoperate for a persistent 
air leak. A large and increasing air leak may make reoperation necessary. The management of a persistent air leak is noted in Figure 41.6.

FIGURE 41.6. Suggested management of prolonged air leak. (From Piccione W Jr, Faber LP. Management of complications related to pulmonary resection. In: 
Waldhausen JA, Orringer MB, eds. Complications in cardiothoracic surgery. St. Louis: Mosby Year Book, 1991:336, with permission.)

The development of a postoperative space is commonly related to a persistent and large air leak, but other causes include resection of two lobes on the right side, 
only the basal segments of either lobe remaining, fibrosis in the remaining lung that limits expansion, and incomplete decortication from prior pleural effusion or 
infection. Postoperative atelectasis and a fixed mediastinum due to irradiation or prior inflammation also contribute to the development of a space. All of these factors 
are seen in patients undergoing resection for lung cancer. Kirsch and colleagues 97 reported on the natural history of the pleural space and noted that 74% undergo 
spontaneous resolution, 13% require temporary drainage, 7% are persistently sterile, and only 6% become infected. Despite the relatively low incidence of major 
complications associated with a persistent space, the thoracic surgeon must make every attempt to minimize it because an infected space is a problem for both the 
patient and the thoracic surgeon.

Practical steps can be carried out in the management of a postoperative space. The first is to be certain that the residual lung tissue is clear of all secretions and that 
postoperative atelectasis is aggressively treated. Early postoperative consideration must be given to increasing the amount of chest-tube suction. We routinely start 
with 20 cm of water suction immediately after the operation and recommend increasing suction to 30 or 40 cm of water pressure if there is a space in association with 
an air leak. Evacuation of the air permits the raw lung surface to reach the parietal pleura, and small air leaks close. The patient can be dyspneic owing to a decrease 
in tidal volume as inspired air is removed by increasing suction. Significant pleural pain can also be troublesome. Suction should be increased in increments of only 
10 cm of water to evaluate the patient's ability to tolerate it. We do not use suction set at more than 40 cm of water pressure because of patient discomfort.

Certain intraoperaive maneuvers can also minimize the possible complications of the postoperative space. One method is to use a pleural tent ( Figure 41.7). If an 
extrapleural dissection was required to resect an upper-lobe lesion, then a pleural tent is obviously not available. Even if a constructed pleural tent is not airtight, the 
large pleural flap can cover residual lung tissue and expedite the closure of parenchymal air leaks, which effectively eliminates a space problem. Transplantation of 
the diaphragm and crushing of the phrenic nerve have been advocated to minimize the postoperative space, but have not been used in our experience. 
Disadvantages include the time involved to transplant the diaphragm and the loss of diaphragmatic motion, which decreases the patient's ability to cough as well as 
long-term pulmonary function. The most extensive intraoperative procedure is to bring the chest wall to the lung tissue. This is accomplished by either a tailoring or an 
osteoplastic thoracoplasty. A tailoring thoracoplasty entails subperiosteal resection of the first and second ribs along with a portion of the third rib to decrease the size 
of the apex. An osteoplastic thoracoplasty is a subperiosteal resection of the posterior portions of ribs 2, 3, 4, and 5, with wire fixation of these ribs to the posterior 
sixth rib. A standard five- or seven-rib thoracoplasty in association with an extended pulmonary resection is not recommended, because it will result in inadequate 
postoperative ventilation owing to paradoxical chest wall motion.

FIGURE 41.7. A: Pleural tent constructed to minimize air leak and pleural space after left upper lobectomy and resection of a portion of the superior segment of the 
left lower lobe. Arrows depict the location of the pleural tent. One chest tube drains the space above the pleural tent, and two chest tubes drain the normal pleural 
space. B: Chest radiograph six months later in the same patient.

If the air leak stops and there is a persistent space, the chest tube is removed, and the space is treated as if it were sterile. The patient can be safely discharged 
without antibiotic therapy and is followed with periodic chest radiographs ( Figure 41.8). The sterile space obliterates with fibrous tissue over time.



FIGURE 41.8. Frontal (A) and lateral (B) views of a sterile space after left upper lobectomy. Space will obliterate in several weeks with no postoperative sequela.

If an empyema does develop in a postoperative space, tube drainage is mandatory. If the space is small, it is managed with open-tube drainage, and the tube is 
slowly backed out as the space obliterates. If closure of an infected space does not occur after several weeks, or if the space is large, there remain two surgical 
options. The first is thoracoplasty, and the space must be located so that the appropriate type of thoracoplasty obliterates it. A large space necessitates a standard 
posterior seven-rib thoracoplasty.

The pedicle muscle flap is the most effective method of obliterating almost any infected residual space, and the muscle can be used to close any residual bronchial 
fistula.98 The pectoralis major is particularly well suited for placement into the apex of the chest and avoids the deformity of a thoracoplasty. Other tissues that can be 
used include the omentum, serratus anterior muscle, and latissimus dorsi muscle if it has not been transected by the previous thoracotomy.

Careful attention to all the preoperative and postoperative details in managing the lung cancer patient minimizes the complications of the postoperative space. Space 
management is detailed in Figure 41.9.

FIGURE 41.9. Suggested management of the postoperative space. (From Piccione W Jr, Faber LP. Management of complications related to pulmonary resection. In: 
Waldhausen JA, Orringer MB, eds. Complications in cardiothoracic surgery. St. Louis: Mosby Year Book, 1991:336, with permission.)

INTRAOPERATIVE HEMORRHAGE

Hilar dissection can be extremely difficult when central lung cancers are removed, because they often invade major vascular structures, and the avoidance of damage 
to these vessels is difficult. Neoadjuvant therapy for a clinically advanced lung cancer frequently obliterates tissue planes and makes the hilar dissection extremely 
difficult. The normal tissue plane of the pulmonary artery and its branches can be totally obliterated, and meticulous sharp dissection is necessary to remove the 
cancer from these structures. Neoadjuvant therapy, coupled with prior mediastinoscopy, also renders the paratracheal tissues fibrotic and further complicates 
mediastinal lymphadenectomy. The thoracic surgeon must be prepared to handle intraoperative hemorrhage, and there are various technical maneuvers that can be 
undertaken to minimize its occurrence.

Right Hilum

The primary cancer or involved regional lymph nodes may render approach to the pulmonary artery or its branches technically difficult. In this instance, it is 
appropriate to obtain provisional control of the more proximal pulmonary artery. Also, in many instances, the cancer obliterates the standard approach to the main 
pulmonary artery, and other maneuvers must be undertaken to ligate it more proximally. 99

An approach to the right main pulmonary artery is to open the pericardium at the level of the superior pulmonary vein and extend this opening to a level onto the 
superior vena cava above the azygos vein. If the azygos vein can be encircled, it is ligated proximally and distally and transected to provide added exposure. The 
right main pulmonary artery can then be isolated medial to the superior vena cava ( Figure 41.10). If a difficult lobectomy is to be attempted, a provisional Rumel 
tourniquet can be applied to control the main pulmonary artery if bleeding does occur during the dissection. This approach can also be used to transect the pulmonary 
artery either by using the stapling technique with vascular staples or by placing a vascular clamp proximal and then suturing the transected pulmonary artery stump.

FIGURE 41.10. The right main pulmonary artery is isolated medial to the superior vena cava after the pericardium is widely opened.

A second approach to the right pulmonary artery is more medial, and it is necessary to open the pericardium widely to provide exposure to the pulmonary artery 
between the ascending aorta and superior vena cava ( Figure 41.11). A significant portion of this dissection must be done by blunt finger dissection, and care must 
taken not to disrupt the main artery with this maneuver. It is rare that a tumor extends to this level of the main pulmonary artery, and provisional proximal control can 
usually be obtained by this technique. If a pneumonectomy is being done, the artery is usually ligated at this level with a heavy permanent suture. Transection of the 
main artery is then done on the other side of the superior vena cava. The vascular stapling technique can also be used to divide the main artery, but the instrument 
can be difficult to position.



FIGURE 41.11. The proximal right main pulmonary artery is isolated between the aortic arch to the right and the superior vena cava. The pericardium has been widely 
opened, and the technique of isolation is by both sharp and blunt finger dissection.

An upper-lobe tumor may totally occlude the anterior approach to the pulmonary artery, but the mainstem bronchus remains free of cancer involvement. In this 
instance, the posterior aspect of the pulmonary artery is readily accessible and it can be isolated by initially dissecting the right mainstem bronchus so that it can be 
transected. The pneumonectomy stump is closed by the staple technique ( Figure 41.12). To avoid contamination of the space during continued aspects of the 
dissection, the stapler can also be used to close the distal bronchus. After transection of the bronchus, the posterior aspect of the pulmonary artery becomes readily 
available, and a more proximal dissection with ligation and transection of the right main pulmonary artery can be carried out. This approach is predicated on the 
finding that the proximal right mainstem bronchus can be freed for transection and closure. Despite proximal control of the main pulmonary artery, a defect in a large 
lobar branch can bleed profusely from atrial back bleeding and large bronchial arteries supplying the tumor. In this instance, distal control of the pulmonary artery 
must be obtained, or vascular clamps can be placed on both the superior and inferior pulmonary veins to minimize blood loss while the arterial defect is closed.

FIGURE 41.12. The right main pulmonary artery is approached posteriorly after transection and closure of the right mainstem bronchus. Tumor obliterates the 
customary anterior approach to the right main pulmonary artery.

Involvement of either the superior or inferior pulmonary vein by the cancer necessitates opening of the pericardium to obtain more proximal control. The vascular 
stapling device can be placed on the atrium to obtain an adequate margin of resection beyond the tumor, and proximal control is achieved. On occasion, both the 
superior and inferior pulmonary veins are involved by the tumor, and the stapling instrument is not long enough to close a single atrial cuff. In this situation, a large 
vascular clamp is placed to occlude the atrium, and it is transected. The atrial tissues are then reapproximated by a running monofilament suture.

The primary tumor or involved lymph nodes may invade the superior vena cava. If the invasion is minimal, a partially occluding vascular clamp can be placed, and a 
portion of the vena cava wall is transected. The defect is closed with a running monofilament suture. In other instances, a portion of the wall of the vena cava may 
require resection to remove all of the tumor. The right and left innominate veins must be isolated, and provisional ligatures are placed. The pericardium is opened, 
and a provisional tourniquet is placed at the level of the caval-atrial junction. The vena cava can be bypassed by a catheter technique, as described by Piccione and 
colleagues,100 and the defect in the vena cava is repaired by a patch graft of pericardium. The vena cava can also be replaced or bypassed by Gore-Tex grafts, as 
described by Dartevelle and associates. 101 For more on these techniques, see Chapter 62.

Left Hilum

Left-sided lung cancer frequently invades the aorticopulmonary window, and the pulmonary artery cannot be dissected safely outside the pericardium. The 
pericardium is then opened medial or lateral to the phrenic nerve, and this opening is extended up above the aortic arch. The main pulmonary artery is identified, and 
the proximal left main pulmonary artery is dissected free (Figure 41.13). It is usually necessary to isolate and transect the ligamentum arteriosum to provide exposure 
for proximal transection and closure. It is also necessary to identify the proximal portion of the right pulmonary artery to ensure that the main pulmonary artery is not 
ligated or compromised. Staple closure of the artery with the vascular stapling technique is effective in this instance. Provisional proximal left pulmonary artery control 
can also be obtained with a Rumel tourniquet after the pericardium is opened during a difficult lobar dissection.

FIGURE 41.13. The left main pulmonary artery is isolated after the pericardium is opened. The right main pulmonary artery must be clearly identified before 
transection.

The left main pulmonary artery can also be approached posteriorly after dissection and transection of the left mainstem bronchus. This approach provides additional 
exposure if the anterior, intrapericardial approach is particularly difficult. The atrium is handled in similar fashion as described for the right side.

The primary tumor or involved lymph nodes frequently are densely adherent to the transverse aortic arch. This is particularly true when a large hilar tumor has been 
treated with neoadjuvant therapy and the fibrotic tissues are difficult to dissect. In this instance, careful sharp dissection is necessary to free the tumor from the aorta. 
It is important to avoid development of a plane of dissection between the adventitia of the aorta, because this defect can rupture during the dissection or in the 
postoperative course. It is rarely indicated to resect a portion of the transverse or descending thoracic aorta en bloc with a primary lung cancer. This type of invasion 



usually precludes long-term survival of the patient, and aortic graft replacement with its attendant morbidity is not indicated.

POSTOPERATIVE HEMORRHAGE

Postoperative bleeding usually occurs from the site of the pulmonary resection or from an intercostal vessel in the thoracic incision. Lung cancers invade the 
mediastinum, chest wall, and diaphragm, and blood vessels, both large and small, are transected during the resection. Frequently, it is necessary to carry out an 
extrapleural dissection, and the persistent oozing of blood from the chest wall can be difficult to control. A ligature can roll off a previously tied branch of the 
pulmonary artery or pulmonary vein, and blood loss in the recovery unit can be sudden and precipitous. The second major cause of postoperative bleeding is a 
coagulation defect related to transfusion of several units of stored bank blood during the operative procedure.

Many elderly patients who undergo resection for lung cancer take aspirin as a prophylactic measure to avoid vascular problems. This is particularly true in patients 
who have had either transient ischemic attacks or coronary bypass surgery for atherosclerotic heart disease. Others may take aspirin for chest pain, arthritis, or 
prophylaxis to avoid a stroke because of a prior family history. This information should be obtained in the patient's history, and all aspirin-related products must be 
stopped before the surgical procedure. It is appropriate to stop aspirin two weeks before the operation. Aspirin affects platelet function, and if generalized oozing 
persists during an extended difficult dissection for lung cancer, then platelets can be administered to the patient who did not stop aspirin before the thoracotomy.

Symptoms of postoperative hemorrhage include tachycardia and hypotension. The usual evidence of significant postoperative bleeding is the drainage of about 200 
mL or more of blood per hour through the chest tubes into the drainage system. A portable chest radiograph should be obtained to ensure that blood is not 
accumulating in the thorax, because the quantity of chest-tube drainage is not a reliable indicator. It is important to obtain the chest radiograph in the upright position 
to quantitate better the amount of retained blood in the chest cavity.

Blood replacement is carried out dependent on measured blood loss during the operative procedure, the patient's physiologic status, and the measured blood loss 
through the chest tubes. Continued blood loss at a rate of 200 mL per hour for four hours is generally an indication for reoperation to identify and control the source of 
bleeding. In this situation, continued observation can be carried out if the surgeon thinks that the trend of blood loss is slowing and the patient's condition is stable. 
This decision must be carefully correlated with the operative findings and the speculative cause for the postoperative bleeding. Coagulation studies are obtained, and 
when defects are identified, they are corrected. Agents used include fresh frozen plasma, cryoprecipitate, or platelets as indicated.

A sudden rush of blood into the chest drainage system approximating several hundred milliliters mandates immediate reexploration. A ligature may have slipped from 
a large vessel, or a vascular repair may have partially separated.

Prevention is the key to the avoidance of the postoperative complication of bleeding. Meticulous hemostasis is carried out during and after the resection. Cautery is 
used generously on the chest wall or pleural surface to stop the ooze from the many disrupted small vessels after pleurectomy. The mediastinum is carefully explored 
for a large bronchial artery that may have clotted off but that will start bleeding after the clot moves or the patient has an episode of postoperative hypertension. The 
main pulmonary artery and veins are carefully inspected for any defects in the closure, and persistent bleeding is controlled with fine interrupted sutures. Lobar 
branches from the pulmonary artery must be securely tied, and the operator can feel a break in the intima as the initial knot is placed. Large vessels require suture 
ligation, including the more proximal ligature, to prevent slippage. The anterior and posterior portions of a thoracotomy are always carefully inspected to ensure that 
there is no bleeding from a traumatized intercostal artery.

POSTOPERATIVE CHYLOTHORAX

Chylothorax after pulmonary resection is a rare complication and occurs more frequently after pneumonectomy than after lobectomy or segmentectomy. The thoracic 
duct enters the chest through the aortic hiatus at the level of T-12 and is adjacent to the aorta. It remains on the right side of the vertebral bodies until it crosses to the 
left at the level of the fifth or sixth thoracic vertebra. It then passes behind the aortic arch to an area adjacent to the esophagus and exits the mediastinum to drain into 
the left subclavian vein. The duct can be multichanneled and have many tributaries in the area of the subcarinal space. Damage to the main duct or tributaries can 
occur anywhere along the mediastinum. Subcarinal lymphadenectomy requires exposure of the esophagus, and the removal of these lymph nodes may result in 
unrecognized thoracic duct injury. Damage can also occur on the left side when the proximal left mainstem bronchus is freed for transection, and lymph nodes 
involved by a tumor are removed along the descending thoracic esophagus.

Frequently, damage to the duct or its tributaries is clearly identified during the dissection. Whenever a small flow of milky fluid is identified, it is mandatory that the 
defect in the main duct or one of its branches be closed with interrupted permanent sutures. If the patient has not eaten for several hours before the surgical 
procedure, the chyle can appear more golden-yellow than milky, and this is a clue to the fact that a defect has been created.

Often, patients do not eat solid food after a major pulmonary resection, and the chest-tube drainage is not the characteristic milky color. However, the continued 
drainage of serous fluid measuring more than 1,000 mL in 24 hours alerts the surgeon to the possibility of a thoracic duct fistula. As soon as the patient begins to eat 
solid food, the classic milky appearance of the fluid appears. Analysis of the pleural fluid shows chylomicrons with lipoprotein electrophoresis, and the triglyceride 
level is more than 100 mg per dL if the fluid is chyle.

After pneumonectomy, the development of a chylothorax is indicated by rapid filling of the pneumonectomy space with deviation of the mediastinum away from the 
operated side.102 The initial treatment of a postresection chylothorax is conservative. Chest-tube drainage is maintained to provide expansion of the remaining lung or 
mediastinum stabilization, and total parental nutrition is carried out. All oral feedings are discontinued, and meticulous observation of the amount of daily drainage is 
recorded. Miller103 reported that spontaneous closure after an operative injury may be expected in only about half of patients. The maximal amount of time for 
observation is two weeks, but if fluid loss is persistent at seven days, operation for closure of the fistula is undertaken. Sarsam and colleagues 102 reported 
postpneumonectomy chylothorax in nine patients; in five patients, conservative therapy managed the problem, and in four, reoperation was required. The 
pneumonectomy space must be drained by tube thoracostomy, and central hyperalimentation is carried out. Although two weeks can again be used as a time limit for 
conservative management, a persistent loss of fluid at seven days indicates the need for reoperation in our experience.

At reoperation, the chest should be opened on the side of the fistula. The patient can be given cream or olive oil two to three hours before the thoracotomy, and this 
will enhance recognition of the site of the fistula. Frequently, the area of the fistula is edematous, and tissues do not hold sutures well. Further dissection to visualize 
the fistula better can result in bleeding, and secure closure of the boggy tissues is not obtained. We recommend that in reoperation for a thoracic duct fistula after 
pulmonary resection, supradiaphragmatic ligation of the main duct should be carried out, as reported by Lampson. 104 Just above the diaphragm, the tissue between 
the aorta and the azygos vein is bluntly freed with an angled clamp, and mass ligation of this tissue is carried out with a heavy silk suture. Clips should be avoided 
because they damage the duct and a new fistula will occur where the duct is clipped. This ligation can be accomplished through either a right or left thoracotomy. 
However, it is more easily accomplished through a limited lower right thoracotomy, and on occasion, this approach has been used despite a left-sided chylous fistula.

Other surgical options include pleurectomy, placement of a pleural peritoneal shunt, application of fibrin glue, and thorascopic ligation of the thoracic duct. However, 
the gold standard to which all other techniques must be compared is direct ligation of the duct.

Long-term conservative management of the postoperative chylous fistula is to be avoided, because the patient's condition will only deteriorate and nutritional 
depletion will cause further complications and possible mortality.

ESOPHAGOPLEURAL FISTULA

The anatomic pathway of the esophagus is in close proximity to the lower trachea and right mainstem bronchus, and its muscular wall can be directly invaded by a 
large hilar cancer. Pneumonectomy and resection of the neoplasm may result in an unrecognized defect in the wall of the esophagus, with a resultant 
esophagopleural fistula. The esophagus is also directly posterior to the subcarinal space, and it can be damaged during subcarinal lymphadenectomy from either the 
right or left side. The performance of a left pneumonectomy requires exposure of the carina and the medial aspect of the proximal right mainstem bronchus, and 
during this aspect of the dissection, the esophagus must be freed from the adjacent tissues to permit a high amputation of the left mainstem bronchus. Damage to the 
esophagus can also occur during this phase of the dissection.

A careful review of the preoperative computed tomographic scan usually reveals the presence of the tumor in close proximity to the esophageal wall. This finding 



alerts the surgeon to the need for clear anatomic definition of the esophageal wall during the dissection, and the placement of a nasogastric tube before the procedure 
assists in early definition of the entire thoracic esophagus. If a defect is made in both the muscular and mucosal layers of the esophagus, a two-layer repair is 
accomplished with a fine absorbable monofilament suture. Interrupted sutures are evenly placed to achieve a watertight seal. An adjacent pleural flap is easily 
constructed to buttress the repair. If it is determined during the resection that only the muscularis of the esophagus has been removed and that the mucosa is intact, 
the muscularis is reapproximated with similar suture material.

Several bronchial arteries traverse the subcarinal space and are in close proximity to the esophageal wall because they originate from the aorta. These arteries can 
be large because they have nourished the cancer or involved subcarinal lymph nodes. These vessels should be individually ligated as they are encountered; on 
occasion, bleeding can be significant if the vessels are not seen and cut. In this instance, vigorous cautery should be avoided because unrecognized damage and 
subsequent necrosis of the esophageal wall can occur. Cautious use of cautery in the subcarinal space is directly applicable to subcarinal lymphadenectomy from 
both the right and left sides.

An esophagopleural fistula after a pulmonary resection can occur either in the early or late postoperative period. The signs and symptoms are those of an empyema, 
with fever, chest discomfort, loss of appetite, a falling air fluid level in the pneumonectomy space, and the appearance of an air fluid level in a previously opacified 
hemithorax. The placement of a chest tube may reveal food particles, but a diagnosis of empyema is obvious. Bronchoscopy is usually carried out to detect the 
presence of a bronchial fistula, and an immediate esophagogram confirms the presence of the clinically suspected esophageal fistula ( Figure 41.14). Massard and 
associates105 recommend the routine use of a barium swallow whenever a postpneumonectomy empyema develops. This diagnostic study is particularly important 
after the development of a late empyema.

FIGURE 41.14. Bronchoscopy is usually carried out to detect the presence of a bronchial fistula, and an immediate esophagogram confirms the presence of the 
clinically suspected esophageal fistula.

In the early postoperative period, therapy is directed toward direct repair of the fistula. The previous thoracotomy space is opened, and careful debridement of the 
pneumonectomy space is carried out. The esophageal fistula is identified and repaired in two layers. It must be buttressed with a vascularized tissue flap that includes 
intercostal muscle, serratus anterior muscle, and omentum. A gastrostomy for drainage and jejunostomy for feeding and postoperative alimentation are also 
recommended. The pneumonectomy space is lavaged with antibiotic solution, and if sterilized, the chest tube can be removed. However, this is a difficult empyema to 
sterilize, and it may be necessary to provide long-term open drainage with attempted later sterilization by the Claggett technique. An alternative approach is to 
exclude the esophagus by a proximal cutaneous fistula and perform a distal ligation with a second-stage reconstruction. However, the one-stage repair is generally 
recommended.106 The development of an esophagopleural fistula in the late postoperative period requires rib resection and adequate drainage of the pleural space. 
Gastrostomy and jejunostomy are required for alimentation and drainage of gastric con- tents. When the patient's condition is stabilized and the pleural space is 
clean, thoracotomy and direct repair of the esophageal defect are carried out. The fistula must be buttressed with tissue, and in this instance, omentum is an excellent 
choice because of its vascularity and adhesive qualities. The pneumonectomy space must be obliterated; this is accomplished by thoracoplasty in association with 
thoracoplasty and myoplasty. A small pneumonectomy space can be obliterated by myoplasty alone. The development of an esophageal pleural fistula after 
pulmonary resection is associated with high mortality and morbidity. The fistula must be treated aggressively because it will not close spontaneously.
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Surgery remains the best treatment modality for potential cure for patients with non–small cell lung cancer (NSCLC). However, at the time of initial presentation, only 
about half of all patients will have localized disease and less than a third are actually candidates for surgical exploration. 1 Survival following surgical resection is best 
predicted by pathologic stage at surgery 2 (see also Chapter 32).

The major prognostic determinants for patients with early stage disease are the size of the primary tumor and the presence or absence of lymph node metastases. 2 
Therefore, precise information concerning staging, both with respect to the primary tumor and lymph node involvement is critical to ensure proper balance in 
randomized clinical trials. This requires thorough intraoperative staging with at least lymph node sampling if not dissection. The staging system gives general 
guidelines for expected survival within each T and N classification. Survival also varies by the number and extent of nodal involvement. Although potentially 
resectable, once ipsilateral mediastinal and subcarinal lymph nodes are involved, the prognosis is much worse. When diagnosed preoperatively by imaging or 
invasive techniques, less than 10% of all patients treated with surgery survive five years. Adverse prognostic factors include multiple levels of N2 disease, multiple 
lymph nodes at one level involved with tumor, adenocarcinoma, and extranodal extension of disease. More than 75% of patients with N2 disease present with 
involvement extending beyond one lymph node station.3 The presence of N2 disease is not a contraindication to surgery as a single modality therapy, because it may 
be curative in very select patients. However, the survival of the N2 patients as a whole is poor, and effective combined modality treatment strategies need to be 
identified.

Histology has also been found to impact on survival in surgically resected patients. The former North American Lung Cancer Study Group (LCSG) has carefully 
analyzed approximately 1,000 resected patients and found a survival of 83% for T1N0 squamous cell carcinoma patients, compared to 69% for T1N0 
adenocarcinomas.4 Similarly, the survival of resected stage IB or II adenocarcinoma patients was significantly worse than those of identical stage with squamous cell 
carcinomas. Others have reported that the outcomes for large cell carcinoma are possibly different from those for resected squamous or adenocarcinomas. 5

The identification of biologic markers, which may influence prognosis, is an active area of research. Growth factor production (epidermal growth factor or transforming 
growth factor alpha), surface epitopes (blood group antigen expression), oncogenes ( RAS mutations) and tumor-suppressor genes (p53 or RB) have been reported to 
influence prognosis.6 Further research is necessary to validate the prognostic importance of these markers and identify other markers of importance (see also Chapter 
33).

Recognition of prognostic and surgical factors that predict for specific anatomic failure patterns can allow selection of patients for local, systemic, or combined 
therapy.3 After surgical resection, patients with pathologic stage I disease have survival rates in excess of 50%. Isolated mediastinal or local recurrence is unusual, 
and postoperative radiotherapy should not be employed. For patients with T1N1 or T2N1 disease, local recurrence is uncommon (12% to 14%), while distant failures 
occur in roughly one third of patients. 3 Survival decreases for patients with N2 disease discovered intraoperatively. When no adjuvant therapy is used, thoracic 
recurrence rates approach 20% and distant metastases become even more common.7 Further evidence of occult metastatic disease comes from an autopsy series of 
patients who died within 30 days of “curative” surgical resection. In that series, one third of squamous carcinomas had locally persistent disease, and 17% had distant 
metastases. Adenocarcinoma patients had a 40% incidence of persistent local disease, and a similar percentage had metastatic disease. 8 Given that death in the 
majority of resected patients is cancer-related and follows systemic recurrence, efforts at improving survival following surgical resection have focused on the use of 
postoperative chemotherapy and irradiation.

EARLY TRIALS

Randomized, prospective studies examining postoperative adjuvant chemotherapy in bronchogenic carcinoma were initiated in the 1960s and 1970s. The University 
Surgical Adjuvant Lung Project Cooperative Group reported its experience with over 1,100 patients randomized to receive nitrogen mustard intrapleurally and 
intravenously in the perioperative period, or placebo. 9 No difference in disease-free survival or overall survival was seen. Moreover, a significantly higher 
postoperative complication rate was found in those patients treated with chemotherapy. The investigators concluded that nitrogen mustard, as administered in this 
study, was not beneficial.

The Veterans Administration Surgical Adjuvant Group conducted a series of adjuvant chemotherapy studies in resected lung cancer patients. 10 Its first trial examined 
the effect of intrapleural and intravenous nitrogen mustard administered in the perioperative period. Similar to the University Surgical Adjuvant Lung Project, no 
difference in disease-free survival or overall survival was found. The next adjuvant trial examined cyclophosphamide. Well over 800 patients were randomly assigned 
to receive cyclophosphamide (6 mg per kg), daily for five days following surgery. A second course, administered in the fifth postoperative week, consisted of 
cyclophosphamide (8 mg per kg) for five days. Only 65% of the patients assigned to receive adjuvant chemotherapy were able to begin the second cyclophosphamide 
course, and an increased complication rate in the chemotherapy-treated patients was seen. Again, long-term follow-up revealed no benefit in overall survival for those 
patients treated with adjuvant chemotherapy versus surgery alone. The third Veterans Administration Surgical Adjuvant Group trial was a three-arm randomized study 
comparing no adjuvant therapy versus adjuvant cyclophosphamide versus adjuvant cyclophosphamide alternating with methotrexate. Chemotherapy was administered 
daily for five days every five weeks for a total of eighteen months, beginning two to four weeks postoperatively. Over 130 patients were enrolled into each arm of the 
study, and again the results were disappointing, with no significant difference in overall survival detected at five years. The fourth trial examined the combination of 
lomustine (CCNU) and hydroxyurea given orally for one year following surgery, versus no further treatment. 11 Again, no significant difference in disease-free or overall 
survival was found.

Data from the Swiss Group for Clinical Cancer Research was reported by Brunner and colleagues. 12 The group conducted a randomized, long-term adjuvant 
chemotherapy trial of cyclophosphamide versus placebo following radical resection of bronchogenic carcinoma. The study assigned 172 patients to receive no further 
treatment or intravenous cyclophosphamide administered as eight to nine weekly injections every four months for two years. At follow-up ranging between 3.5 to 5.5 
years, 68% of the patients treated with adjuvant cyclophosphamide had experienced recurrences and 63% had died. In contrast, of the untreated control group, only 
49% had recurred and 39% had died. Moreover, the median times to recurrence and death were eight months earlier in the cyclophosphamide arm. The authors 
concluded that treatment with intermittent courses of cyclophosphamide over a two-year period seemed to increase the recurrence and death rates significantly over 
that observed in the untreated control group. Despite a careful analysis, no factor other than the cyclophosphamide itself was found to explain these observations.

In 1985, Girling reported the 15-year follow-up of 726 bronchogenic carcinoma patients entered into a double-blind, randomized trial. 13 Patients received oral adjuvant 
cytotoxic chemotherapy with either busulfan or cyclophosphamide for two years, or placebo. At 15 years, 8% of the busulfan-treated patients, 9% of the 
cyclophosphamide-treated patients, and 10% of the placebo-treated patients were alive. The authors concluded that prolonged oral cytotoxic chemotherapy with 
cyclophosphamide or busulfan did not improve survival over surgery alone.

None of the prospective trials reviewed above demonstrated improvement in disease-free or overall survival for adjuvant chemotherapy in bronchogenic carcinoma. 
However, these trials have been criticized, as factors such as histology, nodal involvement, performance status, age, or intraoperative staging were not considered in 
the design of these trials. In addition, the chemotherapeutic agents studied have minimal activity in NSCLC. Other trials have examined the potential benefit of 



adjuvant immunotherapy in resected bronchogenic carcinoma. BCG (bacillus Callmette-Guerin) has been studied extensively. It has been given intrapleurally 14 or 
subcutaneously.15 Intrapleural BCG has been associated with increased postoperative complications, and neither route of administration has yielded improved 
survival.

In the late 1970s cisplatin-based combination chemotherapy regimens were developed and found to have activity in NSCLC patients with metastatic disease. This led 
to renewed interest in adjuvant chemotherapy in the mid 1980s. In addition, improved pre- and intraoperative staging of patients with NSCLC and the identification of 
important prognostic factors allowed better selection of those patients who could potentially benefit from this approach, and allowed for proper stratification of patients 
on study.

CISPLATIN-BASED REGIMENS

The Lung Cancer Study Group (LCSG) has conducted a series of prospective, randomized trials evaluating combination chemotherapy in the surgical adjuvant 
setting.16 In LCSG trial 772, completely resected stage II and stage III (AJCC criteria) adenocarcinoma and large cell undifferentiated carcinoma patients were 
randomized to receive postoperative chemotherapy or immunotherapy (see Table 42.1). Chemotherapy consisted of cyclophosphamide 400 mg per m2, doxorubicin 40 
mg per m2, and cisplatin 40 mg per m2 (CAP) monthly for six months. Immunotherapy was comprised of intrapleural BCG and 18 months of oral levamisole. Careful 
intraoperative nodal sampling of all patients was performed to insure adequate staging. Before randomization, patients were stratified by stage, weight loss, history of 
cardiac arrhythmia and institution. Of the 130 eligible patients, 23 did not receive the assigned treatment but were included in the final analysis. Disease-free survival 
was significantly prolonged in the treatment arm receiving adjuvant CAP chemotherapy (p = 0.018). Median survival was also increased by seven to eight months on 
the CAP arm, but this difference was not statistically significant. Follow-up of both treatment groups revealed systemic recurrence to be the most frequent type of 
relapse.

TABLE 42.1. SELECTED ADJUVANT CHEMOTHERAPY TRIALS

The next LCSG trial examined the use of postoperative CAP chemotherapy plus thoracic irradiation versus adjuvant radiation therapy alone. 17 Eligible patients had 
incomplete resection, defined as the presence of residual tumor in the resection margin or tumor in the highest lymph node sampled. Radiation therapy was 
administered on a split-course schedule with 20 Gy delivered in five fractions over five days as two courses separated by three weeks. In the group randomized to 
receive chemotherapy, cyclophosphamide, doxorubicin, and cisplatin were administered every four weeks for six cycles, with the first two cycles administered on the 
first day of each radiation course. Patients were stratified according to histology, extent of residual disease and performance status. The study accrued 172 patients of 
whom 164 were eligible. The distribution of nodal disease was significantly imbalanced in favor of the CAP-treated patients. A significant difference in disease-free 
survival was found in favor of combined postoperative therapy (14 versus eight months), and a nonsignificant improvement in median survival was noted (20 versus 
13 months). Analyses adjusted for nodal status yielded similar results. With further follow-up, the survival curves converged at about 2.5 years.

The final adjuvant trial from the LCSG enrolled patients with completely resected T2N1 and T2N0 NSCLC. 18 This trial randomized eligible patients to receive or not to 
receive four courses of postoperative CAP (same doses as above except for cisplatin 60 mg per m 2) chemotherapy beginning 30 days after surgery. Stratification by 
prognostic factors included histology (squamous versus nonsquamous), white blood cell count before surgery (more than or equal to 9,100 per mm 3 versus less than 
9,100 per mm3), and Karnofsky performance status before surgery (100% versus less than 100%). A total of 269 eligible patients were entered into the study. Only 
53% of the eligible patients received all four courses of CAP, and only 57% of such patients received all four cycles on time. In 74% of the patients, the site of 
recurrence was distant. No difference in time to recurrence or overall survival was found.

A study from Finland reported in 1992 randomized 110 completely resected T1-3N0 NSCLC patients to postoperative CAP chemotherapy for six cycles or no further 
treatment.19 The doses of chemotherapy employed were cyclophosphamide 400 mg per m2, doxorubicin 40 mg per m2, and cisplatin 40 mg per m2. Eligible patients 
had a good performance status (over 60%) and were less than 70 years of age. After ten years of follow-up, survival in the chemotherapy arm was significantly better 
than control (61% versus 48%, p = 0.050). Disease free survival also favored the use of chemotherapy (69% versus 52%, p = 0.01). Although time to recurrence and 
death was significantly delayed, a major imbalance in randomization resulted in the assignment of twice as many patients who underwent pneumonectomy (and 
therefore likely to have more advanced disease) to the control arm. After adjustment for this imbalance, results were no longer significant. In addition, only 57% of 
patients received all their cycles of chemotherapy.

Two published trials have examined the use of postoperative vindesine and cisplatin. 20,21 A trial conducted in Japan20 randomized 181 eligible patients with 
completely resected stage III NSCLC to receive postoperative cisplatin 80 mg per m 2 and vindesine 3 mg per m2 on day 1 and 8 for three months or no further 
treatment. Patients were stratified by histology (squamous versus nonsquamous), and prognostic variables such as histology, performance status, extent of operation, 
tumor and nodal status were equally distributed among the two study arms. There was no difference in disease-free survival (18 versus 23 months, p = 0.5954), with 
the majority of recurrences being distant in both groups. Moreover, there was no difference in survival between the two groups, with a median survival time and 
five-year survival of 31 months and 35% in the chemotherapy arm versus 37 months and 41% in the control arm (p = 0.8606). The average cumulative dose of 
chemotherapy received was only 68% of the full protocol dosage.

The second study using adjuvant vindesine-cisplatin was conducted at Memorial Sloan-Kettering Cancer Center. 21 This study entered 72 patients with histologically 
confirmed T1-3N2 NSCLC. Patients were stratified by extent of resection (complete versus incomplete) and histology (squamous versus nonsquamous). Thirty-six 
were randomized to receive postoperative vindesine 3 mg per m2 weekly for five weeks, then every two weeks eight times and cisplatin 120 mg per m2 every four 
weeks four times plus thoracic irradiation (40 Gy beginning six to seven weeks postthoracotomy). Incompletely resected patients had intraoperative I 125 and/or Ir192 
implantation. There was no difference in time to progression (9.2 months for radiation and chemotherapy versus nine months for radiation alone, p = 0.35), with the 
majority of recurrences being distant in both groups. Overall survival was slightly better for the patients treated with postoperative radiotherapy alone (16.3 months for 
radiation and chemotherapy versus 19.1 months for radiation, p = 0.42). Similar to the findings in the Japanese trial above, only two-thirds of patients received the 
fully planned dosages of chemotherapy.

The results of Intergroup trial E3590 were recently presented. 22 This study was designed to determine if concomitant chemoradiotherapy was superior to radiotherapy 
alone in prolonging survival and preventing local tumor recurrence in completely resected stage II and IIIA NSCLC patients. The study randomized 488 patients 
between April 1991 and February 1997 to receive either four cycles of cisplatin (60 mg per m 2, day 1) and VP-16 (120 mg per m2, days 1 to 3) administered 
concurrently with thoracic radiotherapy (5,040 cGy) or radiotherapy alone. Patients were stratified by weight loss (less than 5% versus more than 5%), histology 
(squamous versus other), nodal biopsy technique (sampling versus complete lymph node dissection), and stage (II versus IIIA), and 351 patients were eligible for 
analysis with a median follow-up of 37 months. Similar to the two vindesine-cisplatin adjuvant studies presented above, 20,21 only two-thirds of the chemoradiotherapy 
patients received all four planned cycles of chemotherapy, while 76% of these patients received the entire planned course of radiation. Slightly more (83%) patients in 
the radiation-alone arm completed the radiation as prescribed. Grades 3 and 4 toxicity, consisting largely of leukopenia and esophagitis, occurred in 8.8% and 1.3% 
of patients who received radiotherapy only, and 25% and 65% of patients who received the combined treatment. Treatment-associated mortality was roughly 2% in 
both arms of the study. Median survival overall was 38.6 months for the combined postoperative treatment and 41.1 months for patients treated with adjuvant radiation 
(p = 0.99). Three- and five-year survival rates were approximately 50% and 35%, and did not differ between the two arms. No difference was detected in disease-free 



survival or local recurrence rates. The authors concluded that postoperative chemoradiotherapy with etoposide and cisplatin does not prolong survival or alter local 
recurrence rates in patients with completely resected stages II and IIIa NSCLC when compared to postoperative radiation alone.

NON-CISPLATIN-BASED REGIMENS

Several interesting studies have been conducted in Japan. These trials have examined the use of tegafur (FT), a fluorouracil (5-FU) derivative, or UFT (a combination 
of tegafur and uracil at a molar ratio of 1 to 4). These agents can be administered orally. 23 FT has good absorption following oral administration and is gradually 
converted to 5-FU in vivo.24 Degradation of 5-FU is inhibited by uracil; therefore the oral combination of UFT results in sustained levels of 5FU in tumor tissue. 25 The 
first two studies reported were conducted by the Chuba Branch of the Japan Society of Lung Cancer. In the first study, postoperative mitomycin, cyclophosphamide, 
and tegafur were compared to surgery alone.26 After 2.5 years of follow-up, no significant difference in survival was seen between the two arms. The second Chuba 
study examined the effect of postoperative cisplatin, doxorubicin, and tegafur plus uracil (UFT) on completely resected stage I to III NSCLC. 27 The study randomized 
309 eligible cases: 155 to surgery and chemotherapy, and 154 to surgery alone. The majority of patients entered had stage I disease (n = 118), while a few patients 
had stage II (n = 13), and the remainder, stage III (n = 78). In the combined modality arm, chemotherapy consisted of cisplatin 66 mg per m2 and doxorubicin 26 mg 
per m2 within two weeks of surgery, followed by UFT orally at a dose of 8 mg per kg per day for six months or more. Chemotherapy was interrupted because of side 
effects of postoperative complications in only 14.9% of cases (in contrast to the cisplatin-based adjuvant studies discussed above, where usually only two-thirds of the 
planned chemotherapy is actually administered). Despite no planned stratification for known prognostic factors, gender, age, pathologic T-stage, histology, surgical 
procedure, and performance status were equally distributed between the two groups. There was an imbalance with respect to pathologic N stage, with more advanced 
cases assigned to the combined modality arm (p = 0.018). The overall five-year survival rate was 62% for surgery and chemotherapy versus 58% for surgery alone 
(not significant). Because a significant difference was observed between the two groups regarding pathological lymph node metastasis, a reanalysis incorporating 
prognostic factors using the Cox proportional hazard model was performed. With this prognostic-factor-adjusted analysis, a significant difference in overall and 
disease-free survival rates favoring the use of adjuvant chemotherapy was found (p = 0.044 and p = 0.036, respectively).

A third trial from Japan also evaluated the use of UFT in the postoperative setting. 28 In this trial, 310 eligible completely resected NSCLC (stages I to III) patients were 
enrolled. After surgery, patients were randomly assigned using the envelope method to one of three treatment groups. The first group (CVUFT) received cisplatin 50 
mg per m2 and vindesine 2 to 3 mg per kg, one to three weeks after surgery. In addition, vindesine 2 to 3 mg per kg was administered twice at intervals of one to two 
weeks. Two weeks later, a one-year period of oral administration of UFT 400 mg per day was started. The second group received one year of oral UFT 400 mg per 
day beginning one to three weeks after surgery. The control group received no postoperative adjuvant chemotherapy. Of the eligible patients, 109 received CVUFT, 
103 got UFT, and 98 received no further therapy; 210 patients had stage I disease, 36 had stage II and 62 had stage III (including seven patients with stage IIIB 
disease). Although there was no planned stratification, no significant differences between the three groups with respect to gender, age, histology, pathologic T, N, or 
stage were observed. Compliance with the UFT was better than seen in other adjuvant trials, with the mean total dose being approximately 70% and 80% on the 
CVUFT and UFT arms, respectively. The five-year survival rates were 61% for CVUFT, 64% for UFT and 49% for the control group (differences among the three 
groups: p = 0.053 by log-rank and p = 0.044 by Wilcoxon). In addition, a significant difference was observed between the UFT group and the control group (p = 0.022 
by log-rank and p = 0.019 by Wilcoxon). Postoperative adjuvant chemotherapy was also found to be a significant prognostic factor for survival, with hazards ratios 
(against control) of 0.64 (95% confidence intervals (CI): 0.42 to 0.97) in the CVUFT group and 0.55 (95% CI: 0.36 to 0.86) in the UFT group. Adverse effects were 
generally mild. Hematologic toxicity above or at grade 1 occurred in 29% of the CVUFT group versus 12% of the UFT group. A lower incidence of fatigue, anorexia, 
and nausea/vomiting were seen in the UFT group. Hepatic dysfunction was more common in the UFT group (13% versus 9% in the CVUFT). However, adverse 
reactions were tolerable and generally did not require interruption of UFT administration. Overall recurrence rates were 39% (29% distant) for the CVUFT group, 40% 
(28% distant) for the UFT-alone group, and 43% (33% distant) for the control group. Death from primary lung cancer occurred in 31%, 28%, and 39% of CVUFT, UFT, 
and control patients respectively. Deaths attributable to nonrecurrent second primary lung cancers occurred in 2.8%, 1.9% and 5.1% of CVUFT, UFT, and control 
patients respectively.

UFT administered in these studies was well tolerated and appeared to inhibit recurrences and prolong survival when administered over a long time period after 
complete resection. There is little data about the use of UFT in metastatic NSCLC. However, the results of these trials are compelling. Further study of this agent in 
randomized trials entering a more homogeneous patient population is warranted to confirm the effects of UFT therapy on survival following complete resection of 
NSCLC.

THE METAANALYSIS

The role of chemotherapy in NSCLC was extensively examined in a metaanalysis published in 1995. 29 This analysis was undertaken to determine the effect of 
cytotoxic chemotherapy on survival in patients with NSCLC. The vast majority of randomized trials conducted in NSCLC have been too small to detect a moderate 
treatment effect. Consequently, although a few trials have reported significant results, most have been inconclusive. In order to assess the evidence and establish the 
size of any possible treatment effect, a metaanalysis was conducted. Updated data on individual patients from all available randomized trials, both published and 
unpublished, were gathered, and 9,387 patients (7,151 deaths) from 52 randomized trials were analyzed. Patients with NSCLC were classified into three broad 
categories according to the primary treatment they received: surgery, radical or potentially curative radiotherapy, and supportive care. The main objective was to 
investigate the effect of chemotherapy on survival in these treatment settings. Trials were eligible if recruitment started after January 1, 1965 and was completed by 
December 31, 1991. For the purposes of this chapter, only the data regarding the use of postoperative chemotherapy will be presented here. Only adjuvant trials 
where patients had undergone a potentially curative resection and had no prior history of treatment for other malignancy were analyzed.

Surgery versus Surgery plus Chemotherapy

Data were available from 14 trials (4,357 patients and 2,574 deaths). Five trials used long-term alkylating agents (mainly cyclophosphamide and nitrosourea); eight 
employed cisplatin-based regimens, three trials had CAP chemotherapy (cyclophosphamide, doxorubicin, and cisplatin), and the remaining three employed 
cisplatin/vindesine. The intended dose of cisplatin ranged from 40 mg per m 2 to 80 mg per m2 per cycle and total dose from 50 mg per m2 to 240 mg per m2. A further 
three trials used other drug regimens, all of which included tegafur or UFT (tegafur plus uracil). In all the trials, chemotherapy was scheduled to start no later than six 
weeks after surgery.29

The results showed considerable diversity and evidence of a difference in direction of effect between the predefined categories of chemotherapy (see Table 42.2). 
The results for long-term alkylating agents were consistent. The hazard ratio estimates all favored surgery alone with a combined hazard ratio of 1.15 (p = 0.005). 
This 15% increase in the risk of death translated to an absolute detriment of chemotherapy of 4% at two years and 5% at five years. 29 For regimens containing 
cisplatin, the pattern of results was consistent with most trials favoring chemotherapy. An overall hazard ratio of 0.87 (p = 0.08) or a 13% reduction in the risk of death 
was found. The absolute benefit from cisplatin-based chemotherapy was 3% at two years and 5% at five years (95% CI: -1% to 10%). The trials that were classified as 
using “other” regimens were found to have an estimated hazard ratio of 0.89 in favor of chemotherapy (p = 0.30), but there was insufficient information to draw reliable 
conclusions (see Table 42.2).

TABLE 42.2. RESULTS OF METAANALYSIS FOR ADJUVANT CHEMOTHERAPY IN NSCLC



Surgery plus Radiotherapy versus Surgery plus Radiotherapy plus Chemotherapy

Data were available from seven trials (807 patients, 619 deaths). Six trials used a cisplatin-based regimen, with intended doses of cisplatin ranging from 40 mg per m2 
to 100 mg per m2 per cycle and total dose from 80 mg per m2 to 400 mg per m2. Total planned doses of radiotherapy ranged from 40 Gy in ten fractions to 65 Gy in 
33 fractions, and the delay between surgery and the first adjuvant treatment was scheduled to be no longer than seven weeks. 29

The overall hazard ratio of 0.98 (p = 0.76) was marginally in favor of chemotherapy (see Table 42.2). For the cisplatin-based trials, a hazard ratio of 0.94 (p = 0.46) or 
a 6% reduction in the risk of death favored chemotherapy, suggesting a 2% absolute benefit at both two and five years.

This metaanalysis suggests that cisplatin-based chemotherapy regimens may provide an absolute benefit of about 5% in the surgical adjuvant setting. The confidence 
intervals are such, however, that the results are consistent with benefits of as much as 10%, or as little as a 1% detriment. The authors concluded that although the 
effects of postoperative cisplatin-based chemotherapy were modest, these improvements, given the high incidence of lung cancer, could be important in public health 
terms. In addition, studies of patients' opinions of treatments for cancer have shown that many patients accept considerable toxicity in return for small improvements in 
survival.30

ONGOING TRIALS

Currently, there are several ongoing international trials evaluating the use of postoperative chemotherapy. The International Adjuvant Lung Cancer Trial (IALT) should 
determine the impact on survival of three to four cycles of cisplatin-based chemotherapy in completely resected stage I, II, or III NSCLC. Eligible patients receive 
cisplatin (80 to 120 mg per m2 per cycle) and either a vinca alkaloid (vinblastine, vindesine, or vinorelbine) or etoposide, or no further therapy. 31 Chemotherapy must 
begin within 30 to 60 days of surgery. In the first 3.5 years since the study was opened, approximately 1,300 patients have accrued. The trial was designed to show a 
reduction in mortality of 5% to 10% with the use of adjuvant cisplatin-based chemotherapy. No results are available to date.

The ALPI trial (Adjuvant Lung Project Italy) is another large study evaluating the role of postoperative cisplatin chemotherapy. This trial, being conducted in Italy with 
participation from the EORTC, randomizes completely resected stage I, II, and IIIA NSCLC patients to receive either MVP (mitomycin 8 mg per m 2 on day 1, vindesine 
3 mg per m2 on day 1 and 8, cisplatin 100 mg per m2 on day 1) every three weeks for three cycles, or control. 32 Chemotherapy must begin within 14 to 42 days after 
surgery. Radiotherapy can be given at the discretion of the participating center, beginning three to five weeks after completion of chemotherapy or four to six weeks 
following surgery (control group). Patients are stratified by center, T- and N-stage, and use of radiotherapy. The study was designed to detect a 20% relative reduction 
in five-year mortality rate, with 80% power at the 5% level of statistical significance. Since the trial opened in 1994, accrual has been relatively constant at about 250 
patients per year. Approximately 1,200 patients have been enrolled as of October 1998. Analysis of survival and recurrence will occur when a predefined number of 
events (635) have occurred.

The results of these two large, randomized, prospective adjuvant trials will likely shed light on the controversial issue of the efficacy of cisplatin-based adjuvant 
chemotherapy in the treatment of stage I, II, and IIIA NSCLC. These results are anxiously awaited.

Cisplatin plus vinorelbine as a surgical adjuvant is currently undergoing evaluation in North America in the NCIC BR10 trial. This trial, chaired by the National Cancer 
Institute of Canada with participation by several cooperative groups in the United States, randomizes completely resected stage IB and II NSCLC to observation or 
cisplatin plus vinorelbine. Patients are stratified based on the presence or absence of RAS mutations. Another North American cooperative group (Cancer and 
Leukemia Group B) is using carboplatin plus paclitaxel postoperatively in patients with resected stage IB NSCLC. This regimen is being compared to observation. 
These two studies will help define the role of “newer” drug combinations in the adjuvant setting.

FUTURE STRATEGIES

When designing future trials of adjuvant therapy in NSCLC, it is important to keep in mind a number of guiding principles. 1,33 Table 42.3 outlines various issues 
relevant in the design and reporting of adjuvant chemotherapy trials. Appropriate preoperative evaluation to exclude metastatic disease should be performed in all 
patients. An exciting new modality, whole-body positron emission tomographic (PET) scanning, appears to add to the precision of preoperative staging accomplished 
by CT and mediastinoscopy.3 More experience with this technique is required fully to define its role in the staging of NSCLC, but it may play a central role in 
identifying resectable patients in the near future. Trials should enter patients of similar prognosis who have undergone a complete surgical resection with negative 
pathologic margins. In order to insure accurate staging, all patients should have extensive nodal sampling or dissection performed intraoperatively. At present, an 
untreated control arm is best to most accurately assess the impact of the experimental adjuvant therapy. Patients should be stratified for known major prognostic 
factors. Randomization should occur after pathologic staging is known and following clinical recovery from surgery. Efforts should be made to collect tumor specimens 
prospectively to facilitate biologic studies that might lead to the identification of new biologic prognostic factors. The adjuvant chemotherapy regimen chosen for study 
should be the most active one known for metastatic disease at the time of the trial design. Analysis of adjuvant trials should be done on an intent-to-treat basis. 
Compliance with adjuvant therapy should be noted, because trials to date have often found a significant number of patients not completing the adjuvant therapy as 
planned. Disease-free and overall survival rates as well as site of initial recurrence—local, distant, or both—should be reported. The occurrence of second primary 
tumors should also be noted.

TABLE 42.3. ISSUES IN ADJUVANT CHEMOTHERAPY TRIAL DESIGN AND REPORTING

Despite what appears to be a complete resection of NSCLC, death follows in the majority of patients after developing recurrent disease. Therapy aimed at eradicating 
micrometastatic disease has been the primary goal of adjuvant chemotherapy. The majority of clinical trials performed have not found unequivocal, reproducible 
evidence of efficacy for adjuvant therapy. The chemotherapy regimens tested to date have been marginally effective, if at all. This may in part be due to the frequent 
discontinuation of chemotherapy in most of the adjuvant studies preventing demonstration of a benefit that might otherwise have been proven. 34

The past few years have witnessed the identification of new chemotherapeutic agents with improved activity against metastatic NSCLC (taxanes, camptothecins, 
vinorelbine, and gemcitabine). Incorporation of these new agents into the adjuvant setting may improve survival for resected patients. Trials confirming the efficacy of 
postoperative UFT are clearly warranted. In addition, the role of even newer classes of antineoplastic therapies, such as the antiangiogenesis inhibitors, matrix 
metalloproteinase inhibitors, farnesyl transferase inhibitors, tyrosine kinase inhibitors or other biologic therapies, should be defined in the upcoming years.
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Surgical resection is the cornerstone of management for non-small cell lung cancer (NSCLC). Postoperative irradiation likely has no benefit for patients with 
pathologic T1N0 or T2N0 lesions, which have low rates of local failure. Moreover, the role of adjuvant therapy after complete resection and modal dissections of 
tumors that are found to involve hilar (N1) or mediastinal (N2 or N3) lymph nodes, as defined by the American Joint Committee on Cancer (AJCC), is controversial. 1

Attempts to define the potential benefits of postoperative therapy have been reported from a large number of retrospective and prospective studies (see Table 43.1). 
Several retrospective studies suggest benefit from mediastinal postoperative irradiation for various groups of patients; however, survival benefit has not been 
corroborated by any randomized study. Each retrospective study is limited by selection bias inherent in all retrospective analyses. However, the randomized studies 
that have considered this question have also been limited, to various extents, by substantial design flaws. The majority of them have more than one limitation.

TABLE 43.1. TRIALS EVALUATING THE EFFICACY OF POSTOPERATIVE RADIATION THERAPY FOR NON–SMALL CELL LUNG CANCER

First, several published randomized trials include some patients who have low risk for local-regional recurrence. So any potential benefit of postoperative radiation 
therapy, in terms of survival, may be diluted by the low-risk patients in these local trials, which did not stratify or analyze patients according to level of risk. Emerging 
information about prognostic factors has recently become available, and imbalances of these factors in the randomized studies may influence the results of 
randomized studies. Some trials have analyzed patients of varying risk groups independently. However, these subgroup analyses are essentially retrospective 
reanalyses that were not initially planned and do not possess statistical validity that is significantly superior to that of retrospective studies.

Second, many of the randomized trials took place in the 1960s and 1970s, a period during which the technical quality of radiation therapy was significantly inferior to 
current techniques. Many of these trials occurred before the regular use of linear accelerators. Linear accelerators have significantly enhanced the ability to deliver 
high doses to target tissues while reducing the dose to superficial tissues and structures. Most of these trials occurred before the availability of computed tomography, 
which allows better staging radiographically and definition of the target volume, and also facilitates more sophisticated radiation treatment planning and beam 
directing. All the trials were limited to varying extents by other limitations, including the use of spinal cord blocks (which potentially block mediastinal disease), poor 
quality control relating to both irradiated volume and target volume dose, and split-course and hypofractionation regimens.

Third, the majority of randomized trials included a very small number of patients, with little or no statistical hope of demonstrating even a moderate-sized difference in 
outcome. Had these trials demonstrated a radiation-related improvement in outcome (assuming a difference actually exists), it would have to have been due to a 
statistical fluke. The absence of a statistically significant difference in outcome in these trials should be considered as nothing more than a self-fulfilling prophecy. 
Possibly, trials that are extremely limited in power do more harm than good in improving our therapeutic knowledge.

There are nine published randomized trials considering postoperative irradiation. 2,3,4,5,6,7,8,9 and 10 Some of the technical and methodologic limitations of these trials are 
given in Table 43.1. (Two other trials are not listed in Table 43.1 because the results have not been published except in abstract form. 11,12)

The Ideal Patient

Despite the popularity of neoadjuvant (preoperative) chemotherapy and radiation therapy in lung cancer, surgery has a significant advantage as the initial therapeutic 
modality: the undisturbed pathologic features. The findings can be used to categorize patients as to ultimate risk for death, systemic failure, and local failure. The best 
patient category to investigate benefit of postoperative radiotherapy probably has a higher frequency of local failure, but the precise factors need clearer definition. 
Multiple series do suggest which patients are at highest risk. Matthews and colleagues' 13 autopsy study assessed 202 patients who died within 30 days after 
purportedly curative resection for NSCLC. The pattern of documented residual disease was telling. Cancer recurrence was found within the chest of 24 of these 
patients. Subsequent data have suggested that conventional histologic techniques underestimate the true incidence of subclinical disease. 14,15

If adjuvant irradiation confers a survival advantage, it most likely would rise in conjunction with the risk for local-regional recurrence. However, there may be a 
“leveling off” effect. This “leveling off” hypothesis suggests that the risk for distant metastasis increases in conjunction with the risk for local-regional recurrence. Thus, 
patients with an extremely high risk for local-regional recurrence may possibly be less likely to benefit from local therapy than patients with a lower risk, because their 



distant metastasis risk would diminish the chance of cure.

Many studies have attempted to define outcome-related prognostic factors in cases of completely resected NSCLC. The majority have focused on survival as the only 
end point. The data evaluating prognostic factors with respect to local-regional recurrence have allowed one to assess the efficacy of radiation therapy within 
risk-related subgroups, with possibly one exception. A Mayo Clinic study of patients with completely resected N2 disease attempted to evaluate the role of 
postoperative irradiation in relation to local-regional recurrence risk. The analysis suggested that as local-regional recurrence and mortality risks increase, the benefit 
from postoperative irradiation also appears to increase 16 (Figure 43.1). The “leveling off” effect was not seen, but it may be that the patients with a very high risk of 
developing distant metastases were not included in the population of patients who were able to undergo complete resection or who were selected for postoperative 
therapy.

FIGURE 43.1. In a cohort of 224 consecutive patients undergoing complete resection for pathologic N2 non–small cell lung cancer, the radiation-related improvement 
in outcome appeared to increase with increasing risk for local recurrence (A), and death (B). (From Sawyer TE, Bonner JA, Gould PM, et al. Effectiveness of 
postoperative irradiation in stage IIIA non-small cell lung cancer according to regression tree analyses of recurrence risks. Ann Thorac Surg 1997;64:1402. By 
permission of the Society of Thoracic Surgeons.)

The Ideal End Point

The theoretic “leveling off” effect (the disappearance of a survival benefit with increasing local-regional recurrence risk) mentioned above may become irrelevant 
depending on the end point used as justification for the use of adjuvant therapy. This effect would apply primarily to the use of survival as an end point. Many have 
cited a decreased rate of local-regional recurrence as sufficient justification for recommending adjuvant radiotherapy. In this case, the absence of a survival benefit 
would not, in itself, be enough to dissuade one from recommending irradiation. However, if the justification for a potentially toxic therapy is improvement in local 
control with or without an associated survival advantage, it becomes particularly important to ensure that the benefits of postoperative therapy are not outweighed by 
the toxicity.)

Radiation therapy to the mediastinum is associated with numerous potential side effects, and at least three randomized studies and one metaanalysis showed a 
decreased survival rate with the use of adjuvant irradiation for patients at relatively low risk for local-regional recurrence. 2,3 and 4,17 Two of these trials used 60 Gy as a 
standard postoperative dose2,4 and one trial allowed doses of up to 60 Gy.3 Treatment-related mortality was not reported from the Mayo Clinic series, which used 50 
Gy.16 However, because of the potential for irradiation-associated mortality, postoperative irradiation should be considered only in patients for whom a reasonable 
improvement in the chance of survival is expected (that is, patients for whom the absolute magnitude of an improved survival rate is likely to outweigh a small potential 
incidence of radiation-induced fatality). Another argument against the administration of postoperative irradiation only for local control after complete resection is that 
50 Gy to the mediastinum is associated with several acute side effects, including fatigue, malaise, odynophagia, dysphagia, anorexia, and others. It is unclear whether 
the prevention of a symptomatic local progression (which can often be palliated effectively) justifies the delivery of therapy that has these associated side effects.

Still unanswered is the question: For whom should adjuvant irradiation be recommended? Despite much evidence, no survival benefit has been proved for any 
subgroup of patients. Despite this absence of proof, there are patients for whom radiation therapy may be justified on the basis of a large body of evidence that is not 
conclusive. Specific recommendations are given and supported in the following sections.

AJCC STAGE I (T1N0, T2N0)

Efficacy Data Multiple randomized trials of postoperative irradiation have included patients with AJCC stage I (T1N0, T2N0) disease. Two trials included only patients 
with node-negative disease. 2,3 The findings from these trials, as well as a randomized trial 4 that analyzed but did not stratify according to nodal status, and a recent 
metaanalysis17 are the basis for current treatment recommendations for node-negative disease.

The first trial, published in 1980 by Van Houtte and colleagues, 2 included 224 patients with node-negative disease (175 evaluable). Three patients in each arm had T3 
disease; all other patients were found at surgery to have either T1 or T2 tumors. After complete resection, patients were randomly assigned to either 60 Gy delivered 
in 2 Gy fractions via a three-field technique using 60Co or to no adjuvant treatment. Local-regional recurrences, defined as recurrences within the treatment field, were 
slightly less common in irradiated patients. The incidence of local recurrence was 8% for the irradiated group compared with 13% for the control group (this difference 
did not reach statistical significance). However, there was a high frequency of radiation-associated late tissue effects in the study arm, and patients in the irradiated 
group had an inferior rate of survival (but this difference did not reach statistical significance). 2

In 1996, Lafitte and colleagues 3 reported the results of a study that used megavoltage radiation therapy. Only patients with T2 tumors were included. In this study, 132 
evaluable patients were randomly assigned either to postoperative irradiation or to no further treatment. The five-year survival rate for all patients in the study was 
44.2%. There was no difference between the two groups in the pattern of recurrence. The difference in survival between the two groups was of borderline significance 
in favor of the nonirradiated group (p = 0.049). However, the report contained few technical details about the radiation therapy, other than that the total radiation 
doses were between 45 and 60 Gy and that treatment was centered on the hilum and upper mediastinum. The inferior mediastinum was not routinely treated.

In a recently reported trial by Dautzenberg and colleagues, 4 728 patients with stage I, II, or III NSCLC were randomly assigned, after complete resection, either to 
postoperative radiation therapy (60 Gy at 2 to 2.5 Gy per fraction) or to no further therapy. The trial included 221 patients with stage I disease. Although the first 189 
patients in the trial were stratified by stage, the next 539 were not. For all patients, the five-year overall survival rate was 43% for the control group, and 30% for the 
irradiated group (log-rank p = 0.002). The excess mortality rate in the irradiated group was due to an excess of intercurrent deaths, the rate of which increased with 
increasing dose per fraction. The excess overall (log-rank p = 0.07) and radiation therapy-related (p value not available) death rates were also present for stage I 
patients. As discussed below in AJCC Stage III—Perspectives, this trial had several methodologic flaws.

A recently reported metaanalysis from the Medical Research Council Lung Cancer Working Party (MRC) organized and updated the results from these and other 
trials. This analysis included nine randomized trials (2,128 patients) comparing surgery alone versus surgery plus postoperative radiation therapy. For patients with all 
stages of disease, postoperative irradiation was associated with an absolute survival rate decrement of 7% at two years. This hazard was most pronounced for 
patients with early-stage disease (N0, N1)17 (Figure 43.2).



FIGURE 43.2. Stage- and lymph node status-based hazard ratios for PORT (postoperative radiation therapy) versus no PORT. (From PORT Meta-analysis Trialists 
Group. Postoperative radiotherapy in non-small-cell lung cancer: systemic review and metaanalysis of individual patient data from nine randomised controlled trials. 
Lancet 1998;352:257. By permission of the Lancet Ltd.)

Patterns of Recurrence

Although randomized studies have not demonstrated a benefit for the addition of postoperative irradiation for stage I disease, the concept of adjuvant local treatment 
may still be worth exploring if subgroups of patients with stage I disease with particularly high risks of local failure were identified. It would be reasonable to continue 
to study the efficacy of postoperative irradiation in patients at high risk for local-regional recurrence, especially if ongoing trials reveal that adjuvant chemotherapy is 
helpful in reducing systemic failure (which would then bring local control more relevance and prominence).

Several recently published studies have used multivariate analyses to determine which patients with stage I disease are at highest risk for local recurrence after 
complete resection.18,19,20,21 and 22 Factors influencing prognosis in this setting had included the preoperative presence of cancer-related symptoms, 22 tumor size,21,22 T 
stage,18 tumor grade,19 tumor histology,21 presence of satellite nodules,21 blood vessel invasion,20,22 pleural invasion,22 high mitotic index,20,22 DNA ploidy pattern,23 
and extent of surgery (wedge resection versus lobectomy). 22 However, all of these studies used overall survival or disease-free survival as the end points for their 
multivariate analyses. None considered local-regional recurrence; thus these studies are silent on issues pertaining to local recuirrence and control.

Two recent studies have identified factors that appear to independently predict the rate of local-regional recurrence. A randomized trial from the Lung Cancer Study 
Group (LCSG) indicated that a lobectomy, instead of a wedge or segment resection, leads to a lower local-regional recurrence rate (local-regional recurrence, 
two-sided p = 0.008; survival, one-sided p = 0.08). 24 In addition, a recent study considered 13 potential prognostic factors for independent prognostic significance and, 
with the use of multivariate analyses, evaluated freedom from local recurrence, freedom from distant metastasis, and survival. The study included 370 consecutive 
patients with stage I disease who, over a four-year period, had complete resection at the Mayo Clinic. The five-year actuarial local recurrence risk for all 370 patients 
(defined as a recurrence in N1, N2, or N3 lymph nodes or at the bronchial stump) was 15%. Factors that independently predicted a lower rate of local recurrence 
included the presence of a T2 lesion (as opposed to T1, p = 0.04) and less than 15 lymph nodes resected (p = 0.001). The adverse outcome associated with fewer 
removed lymph nodes was possibly simply a function of staging (the fewer the number of nodes removed, the greater the likelihood of not accurately detecting stage II 
or III disease). Alternatively, a full lymph node dissection may be therapeutic. The analysis of survival revealed that greater tumor size and the removal and/or 
pathologic evaluation of fewer lymph nodes were independent predictors for an inferior survival rate (p = 0.001). 25

Perspectives

Presently, in the setting of completely resected stage I NSCLC for which mediastinal lymph nodes have been dissected or at least sampled, there appears to be no 
established role for postoperative irradiation. Postoperative radiation therapy does not improve the rates of local control or survival, and may increase noncancer 
deaths in patients with stage 1 disease.

Efforts continue to identify patients at particularly high risk for local-regional recurrence. Recent data from the Mayo Clinic, outlined above, represent an attempt to 
identify such prognostic factors and to use a regression tree analysis to assign patients to risk groups 26 (Figure 43.3). These results, from a retrospective review from 
a single referral institution, 25 cannot be considered definitive, and corroboration from other institutions or within cooperative groups is needed. If these results are 
confirmed, they may establish the ideal patient group for future study in a large randomized trial.

FIGURE 43.3. Risk groups for freedom from local recurrence (A), and survival (B), based on a regression tree analysis 26 in a cohort of 370 consecutive patients 
undergoing complete resection for pathologic stage I non–small cell lung cancer. (From Sawyer TE, Bonner JA, Gould PM, et al. Patients with stage I non-small cell 
lung carcinoma at postoperative risk for local recurrence, distant metastasis, and death: implications related to the design of clinical trials. Int J Radiat Oncol Biol 
Phys. By permission of Elsevier Science LTD.)

Another clinical situation deserves discussion. Although it is believed that mediastinal nodes should be dissected or at least sampled whenever possible, the radiation 
oncologist may occasionally be asked to consult postoperatively on a patient with stage I disease from whom no mediastinal lymph nodes were removed or evaluated. 
No definitive recommendations can be made about the role of postoperative mediastinal irradiation in this setting.

The most relevant data that can be used to address this question are related to the early-stage (radiographically uninvolved mediastinum) medically inoperable 
setting when the primary tumor is irradiated to definitive doses. Although several retrospective series imply no adverse outcome associated with omission of 
irradiation to clinically uninvolved nodes, 27,28,29 and 30 other series suggest that both local control and survival rates decrease when the mediastinum is not treated. 31,32 
Factors associated with subclinical nodal involvement have been assessed. 33,34,35,36 and 37 Recently, Sawyer and colleagues33 employed regression tree analysis in an 
attempt to use clinical (preoperative) factors to predict the incidence of subclinical N1 or N2 involvement in the clinical N0 setting. In relatively rare patients with 
low-grade (grade 1 or 2) and peripheral tumors, the incidence of subclinical involvement was approximately 15%. In all other patients, the incidence of subclinical 
involvement depended on the status of the preoperative bronchoscopy and maximal tumor diameter, but it was at least 35% ( Table 43.2). It was also found that the 
risk of skip metastases (positive mediastinal nodes with negative N1 nodes) was 15% when a group of more than 300 consecutive patients who had thoracotomy for 
any stage NSCLC was considered.38 The incidence of skip metastasis was higher when patients without nodal involvement were excluded. In summary, whereas 
irradiation to the mediastinum cannot be definitively recommended in the clinical N0 setting when no mediastinal lymph nodes have been removed, it may be of some 
benefit, and it cannot be considered inappropriate when the risk of subclinical involvement is considered. Postoperative pulmonary function and the volume of lung 
irridated to high dose should be considered in attempting to determine the therapeutic ratio associated with mediastinal treatment.



TABLE 43.2. RISK GROUPS FOR SUBCLINICAL NODAL INVOLVEMENT IN PATIENTS WHO ARE N0 OR N1 BASED ON THE PREOPERATIVE CT SCAN

AJCC STAGE II (T1N1, T2N1, EXCLUDING T3N0)

Efficacy Data

Several retrospective studies have examined the efficacy of postoperative irradiation after complete resection of NSCLC. 39,40,41 and 42 However, most studies contain 
few patients with N1 disease39,40,42 and consider patients with N1 and N2 tumors together as a group without providing statistical comparisons for the N1 group 
separately.39,40 These studies demonstrate radiation-associated benefits only within narrow subgroups 40 or no benefit at all.41,42 The retrospective study with the 
greatest number of patients, by Martini and colleagues, 41 suggests an independent radiation-associated survival decrement. However, these studies do not provide 
definitive, or even strong, evidence that adjuvant irradiation leads to an improved outcome in patients with N1 tumors, with respect to either local-regional recurrence 
or survival.

Several published randomized trials have studied the issue of postoperative irradiation and have included patients with N1 tumors. 4,5,6,7,8 and 9 However, the majority of 
studies grouped patients with N1 tumors together with other patients and thus provided few meaningful conclusions related exclusively to N1 disease. Two studies 
used stratification techniques and provided important information for patients with stage II disease or N1 tumors. 8,9

In the Lung Cancer Study Group (LCSG 773), 230 patients with stage II or III squamous cell carcinoma were randomly assigned, after complete resection, to either 50 
Gy or no further treatment.8 Patients were stratified by stage, and approximately two thirds of them had stage II disease. Approximately 75% of the patients had N1 
tumors. For the entire group of 230 patients, adjuvant irradiation produced a significant reduction in local recurrence (defined as a first recurrence in the ipsilateral 
lung or mediastinum) (p less than 0.001), with only one documented local recurrence in the irradiated group. However, a local recurrence analysis was not performed 
in the separately stratified group of patients with stage II disease. Although patients were stratified by overall stage, separate overall recurrence or survival analyses 
were performed according to nodal status; therefore the results for patients with N1 tumors represent a retrospective subgroup analysis. Patients with N1 disease did 
not experience even a trend toward improvement in outcome due to radiation therapy, either for overall recurrence (p = 0.92) or for survival (p = 0.95).

In a more recent effort from the MRC, 308 patients with T1 or T2, N1 or N2 lesions were randomly assigned postoperatively to 40 Gy in three weeks or to no further 
therapy.9 Patients were stratified by the TNM classification, and 183 patients had N1 disease. Postoperative radiation therapy did not improve survival (p = 0.99) or 
local control (p = 0.24) when the entire population was analyzed. However, the rate of definite local recurrence was lower in the irradiated group (p = 0.04). (Whether 
a recurrence was considered definite or suspected was at the discretion of the individual clinician.) Specifically for patients with N1 tumors, radiation therapy was not 
associated with improved rates of survival (p = 0.26), local recurrence (p = 0.96), or distant metastasis.

Although the majority of patients were not stratified with respect to nodal status, one other trial deserves special mention. In the trial of Dautzenberg and colleagues, 4 
subgroup analysis suggests that the patients with stage II disease receiving adjuvant irradiation had an inferior survival rate compared with patients observed without 
treatment (log-rank p = 0.003). This difference in patients with stage II disease appeared to be related to radiation-induced toxicity. 4

The postoperative radiotherapy (PORT) metaanalysis suggests a radiation-related hazard for patients with N1 disease, although the risk was less than for patients 
with N0 disease17 (Figure 43.2).

Patterns of Recurrence

Several prognostic factors have been identified in completely resected N1 NSCLC, including T stage, 43,44,45 and 46 size,41,42,43,44,45 and 46 extent of N1 nodal dissection,25 
findings on the preoperative bronchoscopy, 46 specific site of N1 node involvement,42,44 and histologic features.21,41,42 However, the majority of studies have not 
focused on local-regional recurrence as an important end point and/or have not used multivariate analyses to assess for independent local-regional 
recurrence-prognostic factor relationships. Thus they provide limited information about predicting which patients might most likely benefit from adjuvant irradiation and 
thus which patients might be most appropriate for inclusion in future studies.

Recently, the Mayo Clinic group 46 examined retrospectively the potential prognostic significance of multiple patient-, treatment-, and tumor-related factors in a series 
of 107 patients with completely resected N1 tumors who did not receive therapy other than surgery. Separate multivariate analyses were performed with respect to 
freedom from local recurrence (defined as a recurrence in N1, N2, or N3 nodes or at the bronchial stump), freedom from distant metastasis, and survival. The main 
factor that independently predicted a higher freedom from local recurrence rate was the presence of a central tumor (positive preoperative bronchoscopic findings, p = 
0.005). The main factors that independently predicted higher freedom from distant metastases and improved survival rates were removal of more than ten N1 nodes 
(p = 0.02) and the presence of a T1 tumor (p = 0.01), respectively. Regression tree analyses were performed for each end point (by the method of Breiman and 
associates26). The results for the local recurrence regression tree are shown in Figure 43.4.46 The results of this study await corroboration by others and should be 
considered preliminary.

FIGURE 43.4. Risk groups for freedom from local recurrence based on a regression tree analysis 26 in a cohort of 107 patients undergoing complete resection and 
receiving no adjuvant therapy for pathologic N1 non–small cell lung cancer (A). Patients in each risk group were well separated for outcome (log-rank p = 0.003) (B). 
(From Sawyer TE, Bonner JA, Gould PJ, et al. Identification of risk groups in patients with completely resected N1 non–small cell lung carcinoma ( abstr). Int J Radiat 
Oncol Biol Phys 1997;39:317, with permission.)



Perspectives

At many institutions, the administration of adjuvant thoracic irradiation after complete resection of pathologic N1 NSCLC has long been the standard of care. A 
local-regional recurrence benefit is frequently cited as justification for this, along with a possible, yet unproven, survival benefit. Currently, however, the data do not 
support any survival benefit in this setting, nor has a local-regional recurrence benefit been proven definitively or even strongly suggested. Although improvements in 
local-regional recurrence rate have been reported in some of the retrospective studies, these studies generally considered patients with N1 or N2 tumors as a single 
group. Few if any retrospective data have demonstrated a statistically significant benefit in the local-regional recurrence rate for a cohort consisting entirely of patients 
with N1 tumors. In addition, in the randomized studies in which patients were stratified so that those with N1 tumors or stage II disease could be considered 
independently, neither local-regional recurrence nor survival benefits were demonstrated. 8,9 Moreover, the randomized trial of Dautzenberg and colleagues 4 and the 
MRC metaanalysis17 have suggested a radiation-related survival decrement for patients with N1 tumors.

The potential shortcomings of the LCSG study, which are related to both study design and radiation technique, have been cited frequently. 47 Analysis of the MRC 
study also reveals certain issues that may call into question the validity of using the results of the study to determine treatment. The MRC study design recommended 
use of a posterior spinal cord block at 35 Gy, which could potentially block mediastinal disease. Also, the MRC study used doses of radiation that may be suboptimal: 
40 Gy in 2.67 Gy fractions, which is equivalent to a dose of 42 Gy in 2 Gy fractions, for an alpha to beta ratio of 10. This dose is well below the currently accepted 
“adjuvant dose” of 50 Gy. Furthermore, both the LCSG and MRC studies lacked the statistical power needed to detect small differences in outcome.

Currently, in the setting of completely resected (negative pathologic margins) AJCC stage II NSCLC for which mediastinal lymph nodes are dissected or at least 
sampled, there is not a definite role for postoperative irradiation. As for stage I NSCLC, the ideal study should evaluate this topic with appropriate stratification, 
state-of-the-art radiation therapy techniques, and the statistical power to identify small improvements in survival.

The local-regional recurrence risk for patients with N1 tumors who have had a complete resection is in the range of 21% to 44%. 9,41,45,46 With the potential for distant 
metastasis, it is unknown whether a treatment that effectively and considerably reduces this risk will lead to an improvement in survival. More work is needed to define 
the factors that place a patient at high risk for local-regional recurrence; these factors should aid in decisions related to the selection of patients for inclusion in future 
randomized trials and to the selection of stratification factors within the N1 patient population.

One clinical scenario is occasionally encountered and deserves special mention: the patient with N1 disease who has undergone complete resection but has not had 
surgical-pathologic staging of the mediastinum. In this setting, there are no data. Today, some institutions will have PET scans available to aid in decision making. 
Some prefer to irradiate the mediastinum postoperatively when lung function is not prohibitive.

AJCC N2, N3

Efficacy Data Several randomized trials have investigated patients with completely resected N2 NSCLC, but have considered these patients together with patients 
having N1 and even N0 tumors.5,6 and 7 These are all negative trials and little can be concluded about the role of adjuvant radiation therapy specifically for patients with 
N2 tumors. Several trials, however, have considered patients with N2 tumors by themselves, either by limiting the trial to such patients 10 or by considering stage or 
nodal status as a stratification factor during the randomization process. 8,9

In the LCSG 773 study mentioned above, 230 patients with stage II or III squamous cell carcinoma were randomly assigned, after complete resection of disease, to 
either 50 Gy or no further treatment. Although patients were stratified by stage, only 74 of the 210 eligible patients had stage III disease. The results for the entire 
group of patients have been discussed above (see Stage II— Efficacy Data). Of the 74 patients with stage III disease, only 43 had N2 tumors; thus the results for 
patients with N2 tumors represent a subgroup analysis rather than an analysis of patients as randomized. Local recurrence rates were given only for the entire group 
of patients with stage II or stage III disease; however, the overall recurrence rate was reduced for those with N2 tumors (p = 0.03). However, this did not translate to 
improved survival (p = 0.81). 8

A recently published randomized study by Debevec and colleagues 10 had only slightly more statistical power for patients with N2 disease than did the LCSG study. 
Over a five-year period, 74 patients who had complete resection for N2 NSCLC were randomly assigned to 3,000 cGy in ten fractions or no further therapy. Although 
postoperative therapy was associated with a trend toward improved survival, the difference was not statistically significant.

The randomized study with the most statistical power for evaluating the efficacy of radiation therapy after complete resection of N2 NSCLC was performed by the 
MRC and published in 1996.9 This trial stratified 106 patients with N2 tumors and randomly assigned them to 40 Gy in 15 fractions or no postoperative treatment. The 
results for the entire group have been presented above (see Stage II— Efficacy Data). For patients with N2 tumors, there was a trend toward a lower local recurrence 
rate with the addition of irradiation (p = 0.07). The three-year survival rates for irradiated and nonirradiated patients were 36% and 21%, respectively. A slight trend 
toward statistical significance was noted, but the log-rank p-value was only 0.18 ( Figure 43.5). The patients in the irradiated group also experienced a superior rate of 
freedom from distant metastasis (p = 0.03).9

FIGURE 43.5. Results of the Medical Research Clinical Lung Cancer Working Party randomized study for patients with completely resected N2 disease. Patients 
receiving postoperative radiation therapy (SR) had survival rates superior to those of patients receiving surgery alone (S), but the difference was not statistically 
significant (log-rank p = 0.18). (From Stephens RJ, Girling DJ, Bleehen NM, et al. The role of post-operative radiotherapy in non-small-cell lung cancer: a multicentre 
randomised trial in patients with pathologically staged T1–2, N1–2, M0 disease. Br J Cancer 1996;74:632. By permission of Cancer Research Campaign.)

Although the majority of patients were not stratified according to stage or nodal status before randomization, the trial conducted by Dautzenberg and colleagues 4 
warrants specific mention. Details of the trial and the results for all patients as randomized (including those with stage I, stage II, or stage III disease) have been 
presented above (see Stage I—Efficacy Data). Of the 728 patients in this analysis, 327 had stage III disease and 190 were classified as N2. The subgroup analysis of 
patients with stage III disease revealed that postoperative radiation therapy was associated with a statistically significant increase in the rate of non-cancer-related 
deaths (specific log-rank P values, relative risks, and confidence intervals not given, except as shown), a nonstatistically significant trend toward an increased rate of 
death from any cause (log-rank p = 0.30; relative risk, 1.14; 95% confidence interval, 0.97 to 2.03), and essentially no difference in the cancer-related survival rates. 
Similar results were seen for patients with N2 tumors. The radiation-related survival decrement was more pronounced for patients who received higher doses per 
fraction. In the overall study, 22% of all irradiated patients received more than 2 Gy per fraction; however, it was unclear what the corresponding percentage rates 
were specifically for patients with stage III disease or N2 tumors.

In the N2 setting, perhaps the strongest evidence for the efficacy of postoperative irradiation in patients who have had complete resection is found in the retrospective 
studies. Several early studies suggested a radiation-associated benefit but provided statistical comparisons only for larger groups of patients, including patients with 
N2 tumors together with those with other nodal stages.39,40 These studies often did not use statistical comparison methods at all 48 and showed benefits only in specific 
N2 subgroups.40 Most importantly, they did not use regression analyses to attempt to determine whether the administration of radiation therapy was actually an 



independent prognostic factor. 39,40,48

In a retrospective series by Miller and colleagues 49 from the Mayo Clinic, postoperative radiation therapy was found on multivariate analysis to be one of several 
factors independently associated with an improved survival rate. A later study from the same institution included a more contemporary group of 224 consecutive 
patients with N2 tumors who had surgical resection from 1987 to 1993, and regression analysis revealed that postoperative irradiation was the dominant independent 
prognostic factor in predicting both a lower rate of local-regional recurrence (p = 0.0001) ( Figure 43.6A) and a higher rate of survival (p = 0.0001) ( Figure 43.6B). The 
actuarial four-year freedom from local-regional recurrence and survival rates with the administration of postoperative radiation therapy were 83% and 43%, 
respectively, compared with 40% and 22% with surgery alone. During the period of this study, there was controversy among Mayo Clinic radiation oncologists about 
the benefits of adjuvant radiation therapy, and the views of the particular consulting radiation oncologist were thought to be one of the most important determinants of 
whether adjuvant therapy was recommended. A X2 analysis revealed that the 88 patients who had irradiation and the 136 who did not were well balanced with respect 
to multiple potential prognostic factors, including gender, age, histology, tumor grade, T stage, number of dissected N2 lymph node stations, number of involved N2 
lymph node stations, number of involved N1 lymph nodes, level of mediastinal involvement (superior versus inferior versus both), and margin status. Imbalances 
included the tendency for patients with right lower lobe tumors to receive surgery alone, the tendency for those with multiple (versus solitary) involved N2 lymph nodes 
to receive postoperative irradiation (suggesting that the patients receiving irradiation were actually a higher-risk group), and the use of adjuvant chemotherapy in 24 of 
the 88 patients who received radiation therapy (compared with two of the 136 in the nonirradiated group). 50

FIGURE 43.6. Freedom from local recurrence (log-rank P = 0.0001) (A) and survival (log-rank p = 0.0001), (B) outcomes for 136 patients with completely resected N2 
disease receiving no postoperative thoracic radiation therapy (TRT), compared with 88 patients receiving adjuvant TRT. On multivariate analysis, TRT was the 
dominant factor in predicting superior local recurrence and survival outcomes. (From Sawyer TE, Bonner JA, Gould PM, et al. The impact of surgical adjuvant thoracic 
radiation therapy for patients with nonsmall cell lung carcinoma with ipsilateral mediastinal lymph node involvement. Cancer 1997;80:1399. By permission of the 
American Cancer Society.)

The MRC metaanalysis, described above, suggested neither survival decrement nor survival improvement with the administration of postoperative radiation therapy in 
the N2 setting17 (Figure 43.2).

Patterns of Recurrence

For patients with completely resected N2 disease, multiple tumor-related prognostic factors have been identified. A lengthy list includes the number of involved N1 
nodes,25 the number of involved N2 nodes,10,51 the number of involved mediastinal stations,49,52,53 the location of nodal involvement within the 
mediastinum,48,49,51,52,53,54 and 55 the presence versus absence of extracapsular extension,56 the pathologic margin status,50 the AJCC T stage,51,54 the status of the 
mediastinum on preoperative chest computed tomography,54,57 and the status of the mediastinum on preoperative mediastinoscopy. 58

These studies focused largely on survival and either did not attempt to identify prognostic factors related to local-regional recurrence or did not use regression 
analyses to evaluate for potential independent prognostic significance. Therefore, none of these studies was specifically designed to assess the role of a local 
modality such as postoperative irradiation in the context of multiple potential confounding prognostic factors.

A 1997 study by Sawyer and colleagues16 evaluated multiple potential prognostic factors and their ability to independently predict local-regional recurrence in 136 
consecutive patients with N2 disease who, over a seven-year period at the Mayo Clinic, had complete resection and no adjuvant radiation therapy. This study used 
regression analyses with respect to both freedom from local recurrence and survival in an attempt to determine independent prognostic factors. Subsequently, 
regression tree analyses were used to categorize these prognostic factors further and to divide patients into groups according to risk. The actuarial four-year 
local-regional recurrence risk for the entire group of patients who received no adjuvant therapy was 60%. The results of the regression tree analyses are shown in 
Figure 43.7. It remains to be seen whether future studies will corroborate these regression tree findings. In particular, other studies have suggested that lower 
mediastinal involvement (as opposed to superior involvement) is associated with decreased survival. 48,49,53,54 Still other studies have supported the findings of Sawyer 
and colleagues that superior mediastinal lymph node involvement is a more ominous finding. 51,58

FIGURE 43.7. Risk groups for freedom from local recurrence (A) and survival (B) based on regression tree analyses26 in a cohort of 136 patients undergoing 
complete resection and receiving no adjuvant therapy for pathologic N2 non–small cell lung cancer. Patients in each risk group were well separated for freedom from 
local recurrence (C, log-rank p = 0.0002) and survival ( D, log-rank p = 0.0001). (“Accordant” tumors included upper lobe tumors with superior-only mediastinal nodal 
involvement or lower lobe tumors with inferior-only mediastinal nodal involvement; “discordant” tumors were those that did not fit “accordant” criteria.) (From Sawyer 
TE, Bonner JA, Gould PM, et al. Effectiveness of postoperative irradiation in stage IIIA non-small cell lung cancer according to regression tree analyses of recurrence 
risks. Ann Thorac Surg 1997;64:1402. By permission of the Society of Thoracic Surgeons.)

Perspectives

In contrast to the N1 and node-negative scenarios, for which neither prospective nor retrospective data support the use of postoperative irradiation, the data as a 
whole suggest that postoperative thoracic irradiation may lead to both local control and survival benefit after complete resection of N2 NSCLC. However, these data 
are not conclusive, and further study with adequately powered investigations is warranted in this patient population.

In the Mayo Clinic analysis, patients were selected for radiotherapy or observation predominantly based on the bias of the radiation oncologist. There appeared to be 
little “referral” bias in terms of directing patients at particularly high risk or low risk toward or away from radiation therapy. 50 However, this study is retrospective; 



hence, the potential for undetected selection bias is possible. Although these data can be considered strong evidence, they cannot be considered conclusive.

The strongest support in the randomized literature is found in the MRC study. The p-value associated with the absolute 16% survival rate difference at three years 
favoring patients who had irradiation was only 0.18, and because of this, the study is termed “negative.” However, a p-value of 0.18 means that if the null hypothesis 
(namely that there is no outcome difference between the two groups) is true, there would be only an 18% chance of finding a difference of the magnitude seen in this 
study (or of a greater magnitude). An 18% chance is relatively small—were it less than 5%, the majority of the medical community would probably be willing to accept 
postoperative irradiation as a contributor to improved survival for patients with completely resected N2 disease. Although these results should be considered 
suggestive evidence that postoperative irradiation leads to survival benefit after complete resection of N2 NSCLC, they cannot be considered conclusive. However, it 
is possible that the lack of statistical power in this study is related to the negative results.

The trial of Dautzenberg and colleagues, 4 which suggested a radiation therapy–associated survival decrement that appeared in patients with stage III disease to be 
solely related to radiation-induced toxicity, possesses considerably more power than the MRC trial, with 327 patients with stage III and 190 with N2 tumors. No 
stratification was performed (with respect to either stage or nodal status) for the majority of patients during the randomization process. The results for stage III disease 
and/or N2 tumors specifically are thus essentially a retrospective reanalysis of a stage-specific patient subgroup within a large randomized trial. The absence of 
stratification, the lack of central randomization (patients were randomly assigned separately within each of the 31 treating institutions), the lack of stated quality 
assurance with respect to either field design or total dose, and the presence of a radiation-associated survival decrement in the setting of total doses (60 Gy) and 
doses per fraction (up to 2.5 Gy) (which are higher than conventional doses delivered in the United States) make the results of this trial difficult to interpret.

The results of the retrospective studies that examined the issue of postoperative irradiation after complete resection of stage III or N2 NSCLC are frequently 
discounted, and significantly more weight is placed on randomized trials. In general, this policy is appropriate if the randomized trials are well designed, well 
conducted, and statistically powerful. In general, retrospective results are limited by the potential for undetected selection bias. It is often forgotten that a reference 
standard randomized trial has not been performed in this setting. Thus each randomized and retrospective study must be interpreted in the context of its quality. 
Quality should be assessed by the study's statistical power, appropriateness and uniformity of both surgical and radiation treatment, and the potential for selection or 
design-related bias. Randomized or retrospective studies that are limited by quality—so that the lack of a radiation-related improvement in outcome is essentially a 
self-fulfilling prophecy—cannot be considered strong evidence of the lack of a radiation-related benefit.

The discussion above suggests that the potential for a radiation-related benefit exists in patients with completely resected N2 NSCLC. However, it is important to 
elaborate upon the results of the recently completed MRC metaanalysis, which demonstrated neither survival decrement nor survival benefit associated with the use 
of postoperative irradiation for patients with N2 tumors. 17 All the trials included in this metaanalysis had one or more flaws (see above and Table 43.1), ranging from 
the use of sub-megavoltage energies to inadequate treatment volumes, inadequate doses, complete lack of quality assurance, and use of posterior spinal cord blocks 
that may block tumor. A metaanalysis made up almost entirely of flawed studies must itself be considered flawed. Therefore, it is not unexpected that the metaanalysis 
did not demonstrate survival benefit. Although proper consideration should be given to these metaanalysis results, they cannot be considered the final word.

On the basis of the above discussion, the recommendation for postoperative irradiation in the setting of completely resected N2 disease must balance the risks of 
treatment versus the potential of benefit. The benefit has not been glaringly obvious in any trial. This treatment remains controversial.

Currently, a randomized study that considers the issue of adjuvant irradiation for patients with N2 disease is being performed by the Cancer and Leukemia Group B 
(CALGB).

SPECIAL SITUATIONS

Completely Resected T3 Tumors with Chest Wall Involvement

The relatively favorable prognosis of T3N0 NSCLC, compared with T3 lesions with nodal involvement, is well established. This prognostic finding is reflected in the 
recent decision by the AJCC to reclassify T3N0 tumors to stage IIB from their previous stage IIIA designation. 1 After either extrapleural dissection or en bloc resection 
(the controversy about which one is the procedure of choice is discussed elsewhere in this textbook) for either node-negative or node-positive T3 lesions, the role of 
radiation therapy is less clear. This is especially true when the surgical margins are uninvolved. Margin-negative peripheral T3 tumors have the potential to recur 
either locally (at the chest wall) or regionally (within N1, N2, or N3 lymph nodes), and it is useful to consider these sites separately.

Local (Chest Wall) Issues

Several series have suggested that after either a margin-negative en bloc chest wall resection or an extrapleural dissection, the chance of recurrence in the primary 
tumor bed is low.59,60 Postoperative irradiation to the chest wall is not recommended in this setting. Although few data exist to suggest that postoperative irradiation is 
effective when margins are microscopically positive, our recommendation is to consider postoperative radiation therapy to the tumor bed in this setting. Situations 
such as diffuse chest wall involvement and very close but negative margins are considered on a case-by-case basis.

Ipsilateral Hilum and Mediastinum

Several series, all retrospective and most with very limited power, have attempted to evaluate the efficacy of postoperative irradiation to regional (hilar and 
mediastinal) lymph nodes after resection of lesions that are T3 because of chest wall/parietal pleural involvement.

When the status of the hilar and mediastinal lymph nodes has been determined pathologically and these nodes are uninvolved, the majority of series have suggested 
that radiation therapy to the mediastinum (with or without hilar irradiation) is of no benefit. 61,62 and 63 However, an often quoted series by Patterson and colleagues, 55 in 
which eight of 35 patients received preoperative irradiation and nine of 35 received postoperative irradiation, demonstrated a 56% five-year survival rate for the 
irradiated group, compared with 30% for the group receiving no neoadjuvant or adjuvant therapy. This difference in survival was not statistically significant, possibly 
because of the small number of patients in the series. It is of interest that nine of the patients who received irradiation had curative resections for T3N0 lesions. Of 
these patients, seven (78%) were alive and disease-free at the time of publication, compared with three of the 14 (21%) patients with curatively resected T3N0 
disease who did not receive postoperative irradiation. In a larger series by Gould and colleagues, 60 which compared 74 patients with completely resected T3N0 
disease and no irradiation with 18 patients who received adjuvant (postoperative) irradiation, special attention was given to the patterns of postoperative recurrence. 
The actuarial four-year regional recurrence rate (defined as recurrence in N1, N2, or N3 lymph nodes) was 0% with radiation therapy, compared with 32% without 
radiation therapy (p = 0.05). There was only a slight suggestion of improved survival in favor of the irradiated group (p = 0.10). Of note was that patients with medial 
tumors (mediastinal pleural involvement) had a four-year nodal recurrence risk of 50% without postoperative irradiation.

No definitive conclusions can be drawn about the role of radiation therapy after complete resection of T3N0 NSCLC. The majority of the studies contained very few 
patients and often examined the role of radiation therapy as a minor topic. Two of the studies specifically oriented toward examining the efficacy of radiation therapy 
were inconclusive. The series of Patterson and associates 55 suggested a radiation-related survival benefit; however, the more modern series of Gould and 
colleagues,60 with a greater number of patients than the series of Patterson and associates, showed only a statistically insignificant trend. Currently, in the setting of a 
T3N0 lesion that has been resected with wide negative margins and for which an extensive hilar and mediastinal lymph node dissection or sampling has been 
performed, postoperative irradiation is not recommended.

The majority of studies that have explored the issue of adjuvant irradiation after complete resection of NSCLC that is designated T3 because of parietal pleural 
involvement or chest wall invasion contained very few patients with pathologic N1 and N2 tumors. Therefore, little insight can be gained into the efficacy of radiation 
therapy in the node-positive setting. For T3 node-positive disease, it is reason able to consider the same data and the same rationale regarding nodal irradiation after 
complete resection of T1 and T2 and N1 and N2 tumors (explained in preceding sections).

Incomplete Resection

Although the setting of postthoracotomy residual disease is ominous, studies have suggested that the presence of a microscopically positive margin is associated with 
a better prognosis than the presence of gross residual disease. 64,65 and 66 Therefore, these scenarios should be considered separately.



Incomplete Resection, Microscopic Residual Disease

In the presence of microscopic residual disease, some authors have reported long-term survivors after surgical resection alone. 64,67 It is assumed that when long-term 
survival occurs any tumor cells that were left behind must not have been viable. However, the potential exists for viable tumor regrowth in this situation, and the 
recommendation herein is to consider postoperative irradiation for microscopic residual disease.

Reinfuss and colleagues 66 reported on 22 patients with NSCLC who had microscopic residual disease after thoracotomy, all of whom received postoperative radiation 
therapy. Seven of these patients (five without nodal disease) were alive five years after treatment. In a series of 124 patients with stage III disease, Minet and 
colleagues68 reported that the median and five-year survival rates with no postoperative irradiation were 163 days and 3%, respectively, compared with 304 days and 
7% for patients who received postoperative radiation therapy. Machtay and colleagues at the University of Pennsylvania have found that the prognosis for patients 
with microscopically positive margins who received postoperative irradiation is not different from that for patients with margin-negative resections who did not receive 
irradiation. However, both groups of patients were at high risk for distant metastasis (64% at three years). On the basis of studies such as these, the recommendation 
herein is to offer postoperative irradiation in the setting of microscopic residual disease.

Few data are available with which to make firm recommendations about the appropriate dose and/or treatment volume in this setting; however, the recent data of 
Emami and colleagues69 are useful. In their series of 173 patients who received postoperative irradiation, 32 were treated because of the presence of positive 
margins. For these 32 patients, local control was greatest if at least 50 Gy was administered and survival was best if at least 60 Gy was given. These and dose 
response studies for related malignancies of the head and neck 70 suggest that a dose of 50 Gy at 2 Gy per fraction should be delivered to the tumor bed, with a dose 
of at least 60 Gy delivered to an area encompassing the site of microscopic residual disease. It is recommended that treatment include the tumor bed plus appropriate 
margin, without an attempt to treat electively regional nodal sites, when the following conditions are met: (a) the involved margin is located within the far lateral 
parietal pleura or chest wall; (b) in the opinion of the radiation oncologist, the field needed to encompass the tumor bed with margin would not compromise the ability 
to treat hilar and mediastinal nodes if necessary at a later date; and (c) the patient has had a complete mediastinal and hilar lymph node dissection (or extensive 
sampling) that revealed no evidence of N1, N2, or N3 disease. In all other patients, provided there is no medical contraindication, we prefer to include regional nodes 
in the treatment field.

Incomplete Resection, Gross Residual Disease

As mentioned above, several series have suggested that the presence of gross residual disease after thoracotomy is a more ominous finding than the presence of 
microscopically positive margins, 64,65 and 66 and local control and survival rates are poor regardless of further postoperative therapy. 23,58,64,66,71

In 1988, the LCSG reported the results of a phase III trial that randomly assigned patients with incompletely resected disease to either radiation therapy alone or 
radiation therapy with six cycles of cyclophosphamide, doxorubicin (Adriamycin), and cisplatin (CAP) chemotherapy. 71 Incomplete resection was defined as the 
presence of microscopic residual disease, macroscopic residual disease, or disease in the highest resected paratracheal lymph node. Because patients in both arms 
of the study were treated with adjuvant irradiation, the magnitude of the radiation therapy–associated benefit could not be ascertained. However, the addition of 
chemotherapy led to a significantly longer progression-free survival (p = 0.004), with only a marginally improved median survival (p = 0.13). In the setting of 
macroscopic residual cancer, it is reasonable to institute therapy that would be considered for unresectable disease; combined chemotherapy and radiation therapy 
are discussed elsewhere in this volume.

TECHNIQUES

In the process of administering radiation therapy after complete resection of NSCLC, the importance of proper technique cannot be overstated. The majority of 
randomized trials that have been performed are routinely criticized for the use of inadequate techniques or for failing to pay close enough attention to the degree to 
which proper doses were administered to proper volumes (see Table 43.1). At least one series specifically demonstrated a statistically significantly decreased rate of 
local-regional control when inferior techniques were used (inferior techniques were defined as the failure to cover at least 90% of the target volume with at least 90% 
of the prescribed radiation dose). 72 In this series, technical inadequacies were thought to be the reason a majority of patients had local-regional recurrence.

Target Volume

Few data demonstrate the specific pattern of local-regional recurrence after complete resection of NSCLC. Therefore, recommendations for target volume are based 
largely on what is known about the pattern of nodal involvement at the time of surgery, the risk factors for and patterns of recurrence, and pulmonary tolerance issues.

Many patients with lung cancer have reduced lung function. Furthermore, lung capacity may be compromised after a surgical procedure. Therefore, every attempt 
should be made to limit the fields to areas at greatest risk for harboring residual subclinical disease.

In the setting of a T1 or T2 tumor or a tumor that is T3 based on other than chest wall or parietal pleural involvement, the following areas are included in the target 
volume: bronchial resection line, ipsilateral hilum, paratracheal and tracheobronchial angle lymph nodes (stations 1, 2, 3, and 4, as defined by Naruke and 
associates44), and subcarinal lymph nodes (station 7). In the setting of either subaortic or ascending aorta involvement (stations 5 and 6, respectively) or in the setting 
of left upper lobe tumors, stations 5 and 6 are also included in the field. Stations 8 and 9 (paraesophageal and inferior pulmonary ligament nodes, respectively) are 
treated only when nodes in these sites are specifically found to be involved, because elective treatment of these regions significantly increases the size of the 
irradiated field and any benefits of elective treatment are unproved. Supraclavicular regions are included in the setting of upper lobe tumors or when upper 
paratracheal nodes are found to be involved pathologically, although the need to treat supraclavicular regions in these settings has not been proved.

Additional details about target volume in the setting of chest wall involvement or microscopically positive margins are presented above (see Special 
Situations—Completely Resected T3 Tumors with Chest Wall Involvement , and Special Situations—Incomplete Resection).

Fields and Energy

To find the appropriate balance between maximizing postoperative healing and minimizing the ability for residual tumor cells to repopulate, postoperative irradiation is 
generally begun three or four weeks after the thoracotomy. Patients are treated in the supine position, with strict immobilization techniques. We prefer to use a 
two-field (AP:PA) approach, followed by opposed off-cord oblique fields (right-anterior and left-posterior obliques for left-sided tumors, and left-anterior and 
right-posterior obliques for right-sided tumors). The oblique fields are begun when the area of the spinal cord that is receiving the greatest dose (generally near the 
superior aspect of the field) reaches a dose of 43 to 45 Gy, provided that the isocenter is being treated at 2 Gy per day. Therefore, because of the oblique-field scatter 
dose to the spinal cord, portions of the spinal cord may receive total doses slightly greater than 45 Gy, although this additional dose is delivered at only a few cGy per 
day. The oblique fields are generally 30 to 45 degrees off vertical. Miller and associates 73 have demonstrated that when the posterior border of the oblique field is 
placed at the anterior border of the vertebral pedicles, 30-degree fields place slightly more margin on the spinal cord (mean field edge to spinal cord distance, 8.7 
mm) than do 45-degree fields (mean field edge to spinal cord distance, 8.0 mm). However, CT planning is routinely used, and oblique angles are adjusted on a 
patient-by-patient basis to maximize coverage of the above target areas while minimizing the dose to the heart, lung tissue, and spinal cord.

CT-based treatment planning also facilitates the ability to correct for lung inhomogeneities with appropriate software. A case can be made against the use of lung 
correction in the “gross disease setting,” because treatment is based on dose-response studies that did not use lung correction calculations; however, similar 
dose-response data are much more sparse in the postoperative setting. Therefore, lung correction calculations are routinely used in the postoperative setting to 
ensure that all at-risk areas are brought to the desired dose. Generally, lower megavoltage energies (6 or 10 MV) are recommended over higher energies such as 18 
MV. The data from Miller and associates74 have demonstrated that 18 MV beams have a wider penumbra in lung tissue than do 10 or 15 MV beams, requiring the use 
of a greater margin of normal lung tissue.

Field Borders

Because of the above recommendation to include the ipsilateral hilum and bronchial resection line in the field, the fields are almost never perfectly rectangular; 
shaped fields with custom blocks are used. The following dimensions can be used as general guidelines because these dimensions are similar to those used in recent 



trials in the United States (it should be noted that these dimensions will vary on a case-by-case basis with CT planning): for the anterior:posterior fields, the superior 
border is generally placed 2 cm superior to the suprasternal notch (this border is adjusted further superiorly when the supraclavicular fossae are treated). The inferior 
border is placed 5 cm below the level of the carina but may extend as inferiorly as the diaphragm when, at the time of surgery, station 8 and/or 9 lymph nodes are 
found to be involved. The lateral borders are placed either 2 cm lateral to the vertebral bodies or 2 cm lateral to the tracheal edge, whichever is more lateral. For 
subaortic or aortopulmonary window involvement (stations 5 or 6) or for left upper lobe tumors, a 1 cm margin is placed on the most lateral portion of the shadow of 
the aortic arch. A 2 cm margin is placed on the ipsilateral hilum and on the bronchial resection line. If CT performed preoperatively showed gross hilar or mediastinal 
adenopathy, these nodes are transposed to the simulation film and the borders are widened or lengthened as necessary to ensure a 2 cm margin on these 
preoperative volumes.

The goal of the oblique fields is to include the entire volume at risk to full microscopic tumoricidal doses (see below). The oblique field is not a reduced boost field. 
Therefore, the superior and inferior borders remain the same in the oblique treatment as in the anterior/posterior treatment. The posterolateral border is placed at the 
anterior borders of the vertebral pedicles. The anterolateral border is placed so that all the hilar and mediastinal nodes along with the bronchial resection line are 
treated. Generally, this border is placed at least 3 cm anterolateral to the anterior-most portion of the trachea, although these borders are adjusted in accordance with 
the preoperative CT hilar and mediastinal nodal volumes.

Additional details about field borders in the setting of chest wall involvement are mentioned above (see Special Situations—Completely Resected T3 Tumors with 
Chest Wall Involvement).

Dose

Few data are available about the optimal radiation therapy dose in the postoperative NSCLC setting. Therefore, recommendations are based on small retrospective 
series, on the potential for radiation-induced toxicity with higher doses, and on data from other tumor sites.

In the series of Choi and colleagues, 40 no patient who received at least 50 Gy after complete resection of NSCLC had local recurrence. Similarly, although data from 
Emami and colleagues69 demonstrated no statistically significant difference in local-regional control with increasing dose, they did show a trend toward inferior control 
with mediastinal doses of less than 50 Gy. In an earlier series by Emami and colleagues, 72 none of the patients who received a dose of at least 60 Gy had 
local-regional recurrence. These data must be considered in the context of the several randomized trials outlined above in this chapter that suggested a decrease in 
survival rate in patients with early-stage disease treated with doses of 60 Gy 2,3 and 4 (this suggests that radiation therapy doses in the 60 Gy range may be associated 
with life-threatening toxicity in a percentage of patients) and in the context of the recently reported metaanalysis that demonstrated a radiation therapy–associated 
inferior outcome in early-stage (N0 and N1) disease 17 (Figure 43.2).

In considering all these data and the subclinical dose-response data from tumors at other sites, 70,75,76 we recommend a postoperative irradiation dose of 50 Gy using 2 
Gy fractions. When margins are microscopically positive, similar doses are used, with a boost to bring the site of residual disease to at least 60 Gy (see Special 
Situations—Incomplete Resection).

CONCLUSIONS

Although the effectiveness of postoperative irradiation for a patient with NSCLC who is found to have positive marins is not of proven benefit, most experts continue to 
recommend its use, despite a lack of data. Considerably more controversy exists regarding NSCLC that has been resected and has negative margins. Currently, the 
data do not support the use of adjuvant irradiation for pathologic N0 and N1 disease for the improvement of either local-regional control or survival rates. Although 
certain data sets suggest that local control and even survival rates improve with the addition of postoperative radiation therapy for patients with completely resected 
N2 disease, conclusive information is lacking. Therefore, the use of postoperative irradiation is a reasonable treatment option in the N2 setting; however, the 
importance of informed consent cannot be overstated, considering the suggestion in at least three randomized studies, 2,3 and 4 one metaanalysis,17 and one 
retrospective study41 that this treatment may be associated with a decreased survival rate for low-risk (N0, N1) patients.

The majority of both retrospective and randomized trials have not adequately considered which patients are truly at high risk for either local-regional recurrence or 
death and instead have examined the efficacy of postoperative irradiation in mixed groups consisting of both low- and high-risk patients. Further research should 
focus strongly on the development of more effective adjuvant therapies, but it will also be important to identify factors that place patients at high risk for postoperative 
cancer-related events.

Previously, the majority of retrospective studies attempted to identify prognostic factors in resected NSCLC based on conventional pathologic and histologic 
techniques. Recently, a growing body of literature has focused on the use of chromosomal, genetic, and nongenetic molecular 
markers77,78,79,80,81,82,83,84,85,86,87,88,89,90,91,92 and 93 (see also Chapter 33). Some of the genetic markers currently demonstrating the most promising prognostic significance 
in the postoperative setting include K- ras (point mutations of the K-ras oncogene88 or overexpression of the protein product of the K- ras oncogene, p21),79,89,91 
particularly in adenocarcinomas; p53 (gene mutations, or p53 protein overexpression as determined by immunostaining 77,81,83); C-erbB-2 (overexpression of the 
C-ErbB-2 protein product, p185 80), again mainly in adenocarcinoma; bcl-2 protein; 78,87 and retinoblastoma (RB protein expression.92

In addition to these genetic markers, nongenetic molecular markers are being investigated for correlation with the propensity for local recurrence or metastasis. The 
studies of Chen and colleagues 14 and Passlick and colleagues 15 both demonstrated that immunochemical techniques can frequently detect the presence of cancer in 
lymph nodes that is not detectable by conventional histologic techniques, and also suggested an adverse outcome for patients with immunohistochemically detected 
nodal disease, as compared with patients with truly lymph node–negative tumors. 14,15 Another recent study used similar techniques to detect the presence of tumor 
cells in the bone marrow of patients with completely resected NSCLC,94 and work of this nature may allow physicians to stage disease in patients more accurately 
before instituting therapy.

The presence or absence of other tumor-related markers may also be associated with increased risk of recurrence after complete resection. A representative sample 
includes the expression of cathepsin B (a proteinase that may facilitate invasion and/or metastasis 90) and the presence of cell membrane proteins such as ABH blood 
group82 and Lewis-related antigens.85 Techniques used to assess the potential for proliferation have been shown to be of prognostic significance and include 
immunohistochemical analysis for KI-67 antigen86 and flow cytometry91,93 (although it is not clear that assessments of either DNA content or the percentage of cells in 
the synthetic phase of the cell cycle are any more useful than routine histopathologic assessment of mitotic index).

It is hoped that one or more of these markers may be found to predict reliably and consistently the chance of cancer recurrence after surgical resection; such factors 
will prove to be instrumental in deciding which patients are most appropriate for inclusion in studies examining the efficacy of both adjuvant radiation therapy and 
adjuvant chemotherapy.

Studies examining the usefulness of these potential prognostic markers frequently have conflicting results. Although some studies may demonstrate the prognostic 
significance of a particular factor, other studies frequently fail to support this significance or even suggest that the marker is associated with the opposite prognosis. 
Currently, none of these markers can be considered to be of definitive prognostic significance. Furthermore, many studies have assessed the relationship of various 
factors with end points such as overall recurrence and survival, but few have specifically evaluated the ability of these factors to predict the risk of local-regional 
recurrence (an end point that is most likely of great importance in determining which patients are likely to have survival benefit with the addition of postoperative 
radiation therapy).

Considerable work in the identification of patients at high postoperative risk is ongoing. Recently, an Intergroup study has been initiated to evaluate multiple genetic 
and nongenetic molecular factors in resected NSCLC. It remains to be seen whether any of these new markers are truly more efficacious than such factors as the size 
of the primary tumor and the status of the N1 and N2 lymph nodes in predicting the risk of recurrence. Also, it is possible that genetic and nongenetic molecular 
factors may be found to be independent predictors of outcome in the nonoperative or preoperative setting, while their independent prognostic significance may be lost 
postoperatively, when the precise status of the primary tumor and regional lymph nodes has been defined. At least two studies, with multivariate analysis, have 
suggested that factors such as DNA ploidy pattern23 and mitotic count20 are better predictors of outcome than T stage in completely resected stage I disease. 
However, other investigators have suggested that T stage is extremely important. For example, a study by Giatromanolaki and colleagues 95 suggested that C-ErbB-2 
protein expression was not as useful as T and N stage in predicting postoperative prognosis. In addition, a recent analysis of 20 potential prognostic factors in 250 



consecutive patients with completely resected NSCLC with stage I disease suggested that traditional pathologic features such as lymphatic invasion and 
adenocarcinoma subtype were more useful in predicting prognosis than contemporary molecular studies such as p185neu immunostaining, K- ras oncogene 
mutations, RB immunostaining, and bcl-2 immunostaining.96 It is hoped that the Intergroup study, which is seeking correlations between six separate molecular factors 
and histology, TNM stage, and clinical outcome, will begin to help bridge the relationship between conventional prognostic factors and molecular factors.
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A MAJOR CONTROVERSY IN LUNG CANCER THERAPY

Changing Rationale for Induction Therapy over Time

The proper role for chemotherapy with or without radiotherapy (RT) applied as induction therapy before surgical resection in non–small cell lung cancer (NSCLC) is 
greatly debated.1,2,3,4,5,6 and 7 The paradigm has changed over time. Initially, the rationale for “neoadjuvant” or induction treatment was to render unresectable disease 
resectable. However, more recently it was recognized that early eradication of systemic micrometastases was critical to the success of any local approach. The goal in 
current studies is to optimize control of local bulk disease and distant micrometastases simultaneously through use of systemic chemotherapy, with or without RT. 
Surgical resection is then utilized for definitive local control, followed by variable postoperative therapy directed at residual local and/or distant disease.

Therefore, the theoretical advantages of a successful presurgery induction program include concurrent cytoreduction of distant and local disease, improvement in 
resection rates for technically difficult cases, potential sparing of normal lung tissue, an in vivo test of chemosensitivity, and, ultimately, improved survival. These 
benefits must be weighed against the potential risks of increased morbidity and mortality from combined modality induction regimens. Induction programs may result 
in postoperative pulmonary complications and treatment-related deaths, technical challenges during thoracotomy due to radiation fibrosis, prolonged recovery from 
surgery, and an altered immune system from the induction treatment.

Two Current Debates

Numerous small trials and, more recently, larger phase II and phase III studies were conducted over the course of the changing paradigm. These trials yielded a 
broad spectrum of outcomes that set the stage for two ongoing debates. The controversy is defined by two major questions based upon the disease burden and 
substage (see Table 44.1).

TABLE 44.1. INDUCTION THERAPY BEFORE SURGERY IN NSCLC: TWO CURRENT DEBATES



The first group for which there is controversy regarding induction therapy and surgery are patients with advanced stage subsets who present with bulky disease. 
These scenarios include bulky N2 disease on CT scan or chest radiograph, T4 (no effusion) primaries, or N3 disease. The standard of care is one of several 
published programs of chemotherapy plus RT (chemoRT), given either concurrently or sequentially, that have demonstrated significant benefit over RT alone 1,5,8 (see 
also Chapter 52). The debate in this group is whether surgical resection after induction chemoRT improves outcome over chemoRT alone.

The second controversy involves the group of patients with either early-stage or nonbulky N2 disease ( Table 44.1). These stage subsets include T2 or T3N0; T1, T2, 
or T3N1; and T1, T2, or T3N2 (“minimal”), defined as either nonenlarged N2 nodes on computerized tomography (CT) scan or unexpected microscopic N2 nodal 
involvement after a normal preoperative CT scan of the mediastinum. Initial surgical resection has been the standard of care for this group, and the amount of 
mediastinal disease is critical in determining potential for cure after the surgical resection. 9,10 and 11 However, the majority of these patients die of metastatic disease 
despite a successful complete surgical resection of known disease. Thus the debate on this group is whether induction chemotherapy with or without RT improves 
survival over the standard approach of surgery alone.

Caveats

Several caveats merit emphasis when considering this debate. The controversy regarding optimal management within both categories of disease burden exists in part 
because the published pilot studies, and now several small randomized trials, addressed a wide range of stage III and stage IIB(T3N0) subsets. Recent trials included 
even earlier-stage subsets (IB, IIA). Collectively, only a few studies have attempted to answer one of the questions posed in Table 44.1 within the context of strictly 
defined and narrow substage categories. In many of the trials there was inconsistent pathologic documentation of nodal status, and variable staging criteria were 
utilized. Interpretation of bi- and trimodality trials that include surgery requires close attention to the definition of eligible stage subsets and the required method for 
documentation (radiographic versus biopsy proof of N2, N3, or T4 status).

Furthermore, these trials varied in the definition of “bulky” disease, such as different size criteria for clinically involved nodes on CT scan, the number of positive 
nodes, the presence of extranodal extension of tumors, and various combinations of these criteria. The published studies utilized different protocol mandates for 
resection after induction therapy (resection of stable disease also or only resection of the responding tumors). The definition of a complete resection was also variable 
in that most studies required resection of gross disease, whereas a few mandated negative margins and/or a negative “highest” node. Other factors that may influence 
survival were variably available in these reports, such as single intranodal N2 disease, involvement of nodal stations N5 or N6 only, or positive N7 nodes. 11 Not all 
trials properly provided resection rates and overall survival rates for the entire denominator of patients accrued, in addition to those same outcomes for patients 
eventually eligible for thoracotomy. Other important data only sporadically available in published trials are local and distant relapse rates, postoperative morbidity and 
mortality, late causes of death, and predictors of long-term survival (optimally addressed in multivariate models).

Chapter Objectives

The objectives of this overview are to provide a perspective on these two critical questions ( Table 44.1) via a review of early studies, second- and third-generation 
trials, and ongoing approaches. Wherever possible, the disease bulk and stage subsets contained within a given study, along with the other caveats emphasized 
above, will be stated. Throughout, stage classifications will be those in use at the time of the particular study, but with the current modifications of the International 
Staging System mentioned where appropriate (usually a change in classification of the T3N0 subset from stage IIIA to IIB). 12,13 Other important aspects of the 
induction controversy will be surveyed, including whether RT is a necessary component of programs that give induction chemotherapy before surgery; if so, should RT 
be sequenced or given concurrently with chemotherapy; whether surgery is needed after induction therapy; and if there is a defined role for the newer 
chemotherapeutic agents with or without RT prior to surgery.

Morbidity and mortality considerations unique to multimodality therapy that includes surgery, the importance of multidisciplinary collaboration and comprehensive 
patient evaluation, and special surgical and radiotherapeutic issues will be outlined. The chapter concludes by addressing whether safety and outcome data are 
sufficiently mature to recommend new standards of care for the two groups of patients defined by disease burden and if so, are the answers to the questions posed in 
Table 44.1 “yes”?

FIRST-GENERATION INDUCTION TRIALS

Radiation Therapy as the Sole Induction Modality

The earliest induction therapy studies used preoperative RT alone in an attempt to convert unresectable disease to resectable. 14,15,16 and 17 These initial trials were 
conducted from the 1950s to the early 1970s without the benefit of modern staging technologies. Nevertheless, initial results were provocative. Pathologic complete 
responses were reported in up to 15% of patients, but operative morbidity rates rose with RT doses greater than 40 Gy. The consensus was that the resections were 
technically easier, although in retrospect most cases were probably initially resectable in terms of bulk and extent of disease by modern standards.

This early enthusiasm for preoperative RT alone diminished when subsequent randomized trials demonstrated no survival benefit. 18 The most recent cooperative 
group study was one arm of a randomized phase II trial of the Lung Cancer Study Group, LCSG 881. 19 Patients who had pathologic stage IIIA(N2) disease were given 
44 Gy before surgery. The results were disappointing, with only one pathologic complete response and a median survival of 12 months. Thus, based on more recent 
studies, RT is no longer recommended as the sole induction modality prior to surgery.

Early Phase II Studies of Induction Chemotherapy with or without RT

The next series of trials, conducted mostly in the 1980s, was of phase II tests of first-generation cisplatin-based chemotherapy with or without sequential RT prior to 
surgery.20,21,22,23 and 24 The study designs are described in Table 44.2. These were small trials that accrued a wide mix of stage subsets with broad variability in both the 
amount of minimal versus bulky disease and in the percentage of biopsy-proven N2 disease. Three trials employed the CAP regimen (cyclophosphamide, doxorubicin, 
and low-dose cisplatin), whereas two studies used cisplatin plus etoposide-based preoperative chemotherapy.

TABLE 44.2. DESIGNS OF FIRST-GENERATION PHASE II INDUCTION TRIALS FOR NSCLC

The outcomes of these trials are outlined in Table 44.3. Response rates from the induction therapy were 39% to 82%, resection rates (percent of original number 
accrued) were 14% to 88%, and the survivals were highly variable. The stage and bulk mix within these trials precludes conclusions about efficacy or comparisons 
across trials. However, these were pivotal studies that demonstrated the general safety of surgery after induction therapy and, in some instances, provided intriguing 



survival data.

TABLE 44.3. RESULTS FROM FIRST-GENERATION PHASE II INDUCTION TRIALS FOR NSCLC

Therefore, second-generation trials were designed. These studies were larger, in general enrolled more restricted stage subsets, and required in most instances 
pathologic documentation of nodal disease. The following three sections review the major categories of second-generation studies and long-term survival from 
selected trials.

SECOND-GENERATION PHASE II STUDIES OF INDUCTION CHEMOTHERAPY AS THE SOLE INDUCTION MODALITY

Trial Designs

Five phase II second-generation studies of induction therapy tested preoperative chemotherapy. These trials are described in Table 44.4.19,25,26,27,28 and 29 Although all 
studies required pathologic documentation of N2 disease, tumors with a wide range of disease bulk were accrued. Four of the studies utilized preoperative vinblastine 
and cisplatin with or without mitomycin C (MVP, VP) and the fifth trial tested continuous infusion cisplatin and 5-fluorouracil with leucovorin rescue. The RT was 
variably given (intraoperative, postoperative, or not at all), and information on why RT was either given or withheld was not provided in detail for some of the studies. 
Thus lack of concordance on the disease bulk and RT utilization variables makes comparison of results among the studies difficult.

TABLE 44.4. DESIGN OF SECOND-GENERATION TRIALS OF INDUCTION CHEMOTHERAPY FOR PATHOLOGIC STAGE IIIA (N2) NSCLC

Results

The outcomes reported in these five trials of preoperative chemotherapy in N2 disease are shown in Table 44.5. Response rates were 46% to 78% and resection 
rates (of the entire denominator) were 51% to 68%. Pathologic complete response rates (pCR) of 0%, 5%, and 11% were observed in the CALGB, Toronto, and 
Memorial Sloan-Kettering Cancer Center studies, respectively. 25,26,27,29

TABLE 44.5. RESULTS OF SECOND-GENERATION TRIALS OF INDUCTION CHEMOTHERAPY FOR PATHOLOGIC STAGE IIIA(N2) NSCLC

Postoperative mortality rates were 0% to 17% and were predominantly pulmonary or cardiopulmonary events. Significant pulmonary morbidity was also observed in 
some of these studies, usually in the postoperative time period. Thirteen percent of patients treated with MVP in the Memorial Sloan-Kettering Cancer Center study 
and 12% of those who received VP on the Cancer and Leukemia Group B (CALGB) trial experienced major pulmonary events. 25,29 It was difficult to complete the 
planned RT in the “posterior” or postoperative time period, especially when all RT was to be given postoperatively. For instance, only 42% of patients received the 
prescribed dose in the CALGB study.29

Survival outcomes were also variable, with median survivals reported from 12 to 21 months ( Table 44.5). Sites of first failure were included in three of the reports: 
local-regional disease as the only site of first relapse occurred in 26%, 24%, and 25% of patients. 25,28,29 These “local-only” recurrences occurred in the subgroup with 
residual disease at surgery in the Memorial Sloan-Kettering Cancer Center trial. 25 The Dana Farber investigators noted that 15% of first relapses were solely in the 
brain.28

SECOND-GENERATION PHASE II STUDIES OF INDUCTION CHEMORADIOTHERAPY BEFORE SURGERY

Trial Designs

The other major category within the second-generation studies utilized concurrent chemoRT induction therapy in which the RT began on day 1 of the chemotherapy. 



These phase II trials are described in Table 44.6.30,31,32,33 and 34 The RT varied in schedule across trials from continuous to split-course and in total dose (single 
fractionation) from 30 Gy to 59 Gy. All induction chemotherapy was cisplatin-based, with the addition of either etoposide, 5-fluorouracil, vinblastine, or some 
combination of these drugs. The treatment prescribed after surgical resection was highly variable among these five studies. There was no therapy after surgery in the 
Rush Presbyterian and LCSG 852 trials; two cycles of additional chemotherapy plus 14 Gy of RT were given in the Southwest Oncology Group (SWOG) 8805 study (if 
residual disease in chest or mediastinum); and one cycle of chemotherapy plus 30 Gy of RT was used in the CALGB trial (all patients). The Tufts investigators initially 
gave etoposide plus cisplatin postoperatively, but later in the trial allowed use of the carboplatin-plus-paclitaxel regimen.

TABLE 44.6. DESIGN OF SECOND-GENERATION TRIALS OF CONCURRENT INDUCTION CHEMORADIOTHERAPY

Eligibility criteria for the five second-generation chemochRT induction trials ( Table 44.6) were more varied than for the studies of induction chemotherapy alone ( Table 
44.4). Biopsy documentation of N2 disease or T4 status was not always required. The SWOG trial was unique in this regard, because pathologic proof of N2, T3, or 
N3 disease was mandated. A broad range of stage subsets was included across trials, so that stage IIIA(N2) accounted for 47% to 87% of patients per trial. Two 
studies included T3N0 or T3N1 (21% and 20% in the Rush Presbyterian and CALGB studies, respectively), whereas all patients with stage IIIA disease in the SWOG 
8805, LCSG 852, and Tufts trials had N2 nodal involvement ( Table 44.6). The stage IIIB subsets of T4 and/or N3 were allowed in all trials except the CALGB study 
and accounted for 6% to 53% of patients per trial. The SWOG 8805 and Tufts trials were designed for bulky disease, whereas the others allowed a mix of minimal and 
bulky presentations.

Results

The outcomes of the second-generation concurrent chemoRT induction trials are summarized in Table 44.7. Response or “response plus stable ” (one study) rates 
were 56% to 92%, and 52% to 76% of the total number of patients accrued to each study had a complete resection at thoracotomy. Of the 30 patients with stable 
disease as the “best” response to induction chemoRT, 26 underwent a complete resection of tumor in the SWOG 8805 trial. 30 The pCR rates were 16%, 21%, and 
27% in the LCSG, SWOG, and Rush Presbyterian trials, respectively. 30,31 and 32 An additional 37% had rare microscopic foci of tumor cells as the sole residual disease 
in the SWOG trial. Of the 26 patients with resectable stable disease in the SWOG study, 46% had pCR or only rare microscopic foci. 30 Thus postinduction 
assessment of nonresponse by CT scan is often misleading.

TABLE 44.7. RESULTS OF SECOND-GENERATION TRIALS OF INDUCTION CHEMORADIOTHERAPY IN NSCLC

The operative mortality rates were 4% to 15% in these trials ( Table 44.7). These events were predominantly pulmonary-related, as observed in the induction 
chemotherapy trials. The cause of death often resembled the adult respiratory distress syndrome (ARDS), to be considered in more detail in the morbidity and 
mortality section of this chapter. The Tufts trial was unique in that postoperative ARDS was not observed, despite the high total dose of induction RT. 34 A rigid 
protocol to minimize fluids, transfusions, and the FiO2 was employed in this study. Finally, it is uncertain whether “posterior” treatment, in particular the additional 
relatively small doses of “boost” RT given after surgery, added anything to the efficacy of the program or only contributed to late morbidity.

Overall survival results for the second-generation studies of concurrent chemoRT are shown in Table 44.7. The median survival for the two studies that excluded 
T3N0–1 tumors and required pathologic staging were 15 and 13 months. 30,31 In contrast, the other three trials included this better prognostic subset and did not 
require biopsy proof of the T and N substages. For these studies, the median survivals were 22, 16, and 20 months. 32,33 and 34 Patterns of first recurrence in the SWOG 
8805 trial were 11%, locoregional only and 61% distant alone. 30 There was no difference in the sites of relapse between those patients with negative mediastinal 
nodes at the time of operation (but originally positive) versus those who had persistent involvement of the mediastinal nodes. A significant number of the distant first 
relapses (and in many cases, the only relapse or the sole cause of mortality) occurred in the brain. 30 The Tufts investigators also reported a very high rate of isolated 
brain metastases, all of which occurred within the first 32 months of follow-up. 34

The Stage IIIB Subgroup in Second-Generation ChemoRT Induction Trials

Some data are available regarding the role of induction therapy followed by surgery in selected stage IIIB subsets. Patients enrolled in the second-generation trials of 
induction chemotherapy alone all had stage IIIA(N2) disease. However, all but one of the chemoRT induction trials allowed inclusion of patients with stage IIIB tumors. 
The LCSG 852 trial and the Rush Presbyterian study (Table 44.6) included 13% “minimal T4” and 6% “selected T4” lesions (clinically staged), respectively. 31,32 
Separate survival data for this subset were not provided. Of note was that two groups of investigators had reported equivalence in outcome of clinical stage IIIA and 
IIIB disease in combined modality trials with no surgery.35,36 However, these authors suggested that the clinical T4N0 subset may have a better outcome than the 
other subsets and perhaps should be removed from the IIIB category, just as the T3N0 subset was recently reassigned to stage IIB instead of its former designation of 
IIIA.13 Based on this observation in chemoRT-alone trials, the SWOG 8805 study was designed prospectively to include a sufficient sample of the stage IIIB subgroup 
to allow independent assessment of outcome.

The SWOG 8805 trial stands alone among the other chemoRT trials that included stage IIIB disease. Pathologic documentation of T4 or N3 disease was required and 
outcome was analyzed separately for this subset.30,37 The Tufts investigators also reported outcome separately for the IIIB group, but the staging requirements were 
radiographic rather than pathologic. 34 The resection rates in these two studies for stage IIIA(N2) were 76% and 76%, and for stage IIIB, 63% and 50%, respectively.

The median two-year and three-year survivals were identical for the IIIA(N2) versus the IIIB group in the SWOG 8805 study (27%, 24%). 30 The three-year survivals 
were 73% and 32% for the clinical IIIA(N2) and IIIB subsets, respectively, in the Tufts trial. Of note was that in the SWOG 8805 study, the T4N0-1 subset had an 
outcome identical to the T1N2 substage and achieved a two-year survival of 64%. This substage variable was the only independent predictor of favorable outcome 



from the time of registration to the study in a multivariate analysis. 30 Exploratory survival analyses were conducted within the N3 subset of the SWOG trial, in which 27 
patients were accrued. The two-year survival for the contralateral nodal N3 subgroup was zero, whereas it was 35% for the supraclavicular N3 subset. However, the 
resection rate in this latter group was only 39%. An update of SWOG 8805 provided six-year survival statistics: IIIA(N2), 20%; T4N0–1, 49%; and N2 or N3, 18%. 38

A follow-up trial to SWOG 8805 for pathologic stage IIIB disease was conducted by the SWOG (SWOG 9019). Identical induction chemoRT was utilized as in SWOG 
8805, but no surgery was given; instead, the RT was continued without a break to 61 Gy, and two additional cycles of EP were given. 39 The overall survival rate in this 
study was identical to that observed for the stage IIIB group in SWOG 8805. This suggested that in an identically staged patient population, chemoRT with 
definitive-dose RT may achieve the same benefit as surgical resection after induction chemoRT (and lower RT total dose). However, in the SWOG 9019 trial 
(chemoRT alone), the two-year survival rate was only 33% for the T4N0–1 subset, compared to 64% for two years and 49% for six years in the surgical study, SWOG 
8805.38,39 This historical comparison of these two consecutive trials in pathologically staged IIIB disease provides a hint that surgery for stage IIIB tumors might be 
beneficial only in the select substage of T4N0–1. However, a prospective randomized study is needed to validate this observation.

SECOND-GENERATION INDUCTION TRIALS: LONG-TERM SURVIVAL AND PREDICTORS OF OUTCOME

Mature Survival Data

Long-term survival data were reported in several of the trials of induction chemotherapy and induction chemoRT that were reviewed in the preceding two sections 
(Table 44.4, Table 44.6). Selected studies with a minimum of three years of long-term survival data are summarized in Table 44.8.25,26,27,29,30,32,33,34,38,40 These studies 
differed in several critical aspects, including disease bulk, the inclusion of T3N0 or N1 subsets, whether or not pathologic documentation of N2 disease was required, 
and the inclusion of stage IIIB subsets. The variation in disease bulk and stage subsets as well as potential inaccuracies from staging solely on clinical grounds may 
to a major degree explain the wide range of three-to-seven-year survivals shown in Table 44.8.

TABLE 44.8. SECOND-GENERATION PHASE II INDUCTION TRIALS IN NSCLC:

Long-term follow-up of several of the trials suggested that a plateau emerged on the tails of the survival curves. As shown in Table 44.8, five-to-seven-year survivals 
of 17% to 34% were recently reported. The SWOG 8805 study suggested a plateau between years 4 and 6, 38 the Toronto study between years 3 and 5, 27 and the 
CALGB I study from years 5 to 7 and over.40 However, indefinite plateaus are not expected, because of competing causes of death in a patient population with a high 
incidence of comorbid diseases.

Factors that Predict Favorable Outcome

The seven phase II trials of induction chemotherapy or chemoRT depicted in Table 44.8 analyzed predictors of long-term survival. Methods of analysis varied: 
univariate versus multivariate and predictors of overall survival either from registration or from time of thoracotomy. Favorable outcome predictors included 
postinduction pCR, complete resection, T3N0 or T3N1 disease, T4N0 or N1 disease, and pathologic clearance of initial N2 or N3 involvement (nodal downstaging). 
The significance of these predictive factors varied across trials, but all factors were not uniformly assessed in each study. Nevertheless, a factor related to the efficacy 
of the induction therapy was important in most trials. It was suggested that the inclusion of RT in the induction removes the possible importance of pCR as a predictor 
observed in chemotherapy-only induction programs. However, the Memorial Sloan-Kettering Cancer Center trial of MVP alone did not report statistical significance to 
pCR.25,26 Response to induction therapy was not an important predictive factor in some trials, most likely because of the mandate in those studies to resect disease 
even if “stable” was the best response. 30 This observation underscores the inability of standard CT scanning to detect those patients with major postinduction 
responses.

The SWOG 8805 trial analysis that described an independent favorable prognostic impact of nodal downstaging on intermediate (two-to-three-year) survival is of 
interest, given that it was the only significant factor in a multivariate model that included complete resection rate, pCR, and multiple other factors. 30 This variable was 
also the most important univariate discriminant of six-year survival, although complete resection emerged as a long-term survival predictor as well. 38 The survivals 
three and six years after thoracotomy for patients with uninvolved nodes at surgery were 41% and 33%, respectively, versus only 11% and 11% if there was persistent 
mediastinal disease. The prognostic variable of nodal downstaging was not assessed in multivariate models for any other study with second-generation therapy.

Implications of the nodal downstaging observation are that lack of residual disease in the mediastinum may be a surrogate marker for eradication of distant 
chemotherapy-sensitive micrometastases. These patients may be the optimal candidates for additional postoperative chemotherapy. Conversely, persistent N2 or N3 
disease may predict the presence of distant resistant disease. Thus the question must be asked whether surgery was necessary for those cases with nodal 
downstaging, or were these patients the best candidates for maximal local control with surgery? If postinduction mediastinal status is clearly of prognostic value, then 
there would be a critical role for a second mediastinal assessment after induction, even though in some cases this would be technically difficult. The question of 
whether molecular correlates such as proliferative rate, p53 or K-ras status obtained on biopsy material pre- and/or postinduction might improve identification of the 
optimal patients for surgical resection awaits the results of ongoing ancillary projects within several of these trials and current phase III studies outlined later in this 
chapter.

THIRD-GENERATION PHASE II STUDIES OF INDUCTION CHEMOTHERAPY PLUS CONCURRENT HYPERFRACTIONATED 
RADIOTHERAPY

The outcomes of two important phase II pilot studies of concurrent induction chemoRT, in which the RT was given as twice-daily fractions, were recently reported. 41,42

Trial Designs

The eligibility criteria and treatment programs are described in Table 44.9. Forty-two patients with mixed-bulk, biopsy-proven stage III(N2) disease were treated in the 
Massachusetts General Hospital (MGH) trial. The West German Cancer Center (WGCC) study required mediastinoscopy, and all 94 patients had advanced disease: 
either bulky, central T3 (six patients), two or more positive N2 nodes (n = 46), or stage IIIB (n = 42, either T4 or contralateral N3 nodes).



TABLE 44.9. THIRD-GENERATION PHASE II TRIALS OF CONCURRENT INDUCTION CHEMORADIOTHERAPY

The MGH group used split-course twice-daily RT, split before the surgery as well as after, when it was given with one additional cycle of chemotherapy. In contrast, 
the WGCC investigators employed continuous hyperfractionated RT concurrent with the third cycle of induction chemotherapy, and all treatment was completed 
before the surgery. This trial was amended midway to require prophylactic cranial irradiation (PCI). Surgical resections were not performed in the WGCC study if there 
was evidence on postinduction radiographs or biopsy of T4, N2, or N3 disease, whereas the MGH trial required resection of stable disease.

Response, Survival, and Predictors of Favorable Outcome

The results of the two studies of induction therapy with concurrent chemoRT (twice daily) are summarized in Table 44.10. Complete resections were accomplished in 
93% of 42 patients in the MGH study.41 Significant nodal downstaging was noted: 10%, T0N0 (pCR); 24%, N0; 33%, N1. The WGCC investigators reported that 60% 
of 52 patients with stage IIIA disease and 45% of 42 patients with stage IIIB had complete resections. 42 The pCR rate was 26%. The difference in resection rates 
between the two studies is due in part to a large percentage of cases with nonbulky disease in the MGH study, as well as the mandate to withhold surgery in the 
WGCC trial if there was residual T4, N2, or N3 disease. Postoperative death rates in both studies (5%, 7%) were no greater than reported in trials that tested either 
induction chemotherapy alone or induction chemoRT with standard single daily fractionation of RT. No cases of postoperative ARDS were observed in either study, 
but complex stump insufficiency was a problem in the WGCC trial. Completion of the planned “posterior” chemoRT in the MGH trial was feasible in 60% of patients.

TABLE 44.10. RESULTS FROM THIRD-GENERATION TRIALS OF INDUCTION CHEMORADIOTHERAPY WITH HYPERFRACTIONATION IN NSCLC

Sites of initial failure in the MGH study were analyzed in detail. Only locoregional relapse occurred in 15% of those with a recurrence, only brain in 30%, other distant 
site in 45%, and both local and systemic in 10%. The WGCC investigators also reported a high rate of initial brain relapses that occurred relatively early in the 
follow-up period. This is a recurring theme of all induction trials for NSCLC. The PCI that was mandated in the latter half of the WGCC trial significantly reduced first 
and overall brain relapses and prolonged survival for those patients who had a complete or partial response. 43

Long-term survivals were reported for both pilot studies ( Table 44.10). The five-year survival of 37% in the MGH trial was identical to that reported by the Toronto 
group for their study of induction chemotherapy alone in pN2 disease ( Table 44.8). However, it is not possible to determine if the hyperfractionated RT, as given in the 
third-generation induction trials, might result in a greater benefit than induction chemoRT with a single daily fraction or chemotherapy alone. For example, it is not 
clear if the percentage of patients with high disease bulk was the same in the MGH and Toronto studies. The WGCC trial clearly accrued more patients with bulky 
disease, which may in part explain the slightly lower survival (28% overall at four years, with 32% of IIIA and 26% of IIIB alive at four years). Therefore the intriguing 
results of the MGH and WGCC trials support the conduct of a randomized study of single versus twice-daily fractionation within the context of identical concurrent 
chemotherapy in patients with pathologically staged tumors with uniform disease bulk.

The analysis of predictors of survival from the MGH investigators ( Table 44.10) provides independent validation of the SWOG observation that mediastinal nodal 
downstaging at time of surgery is a critical favorable determinant for long-term survival. 30,38,41 Patients with stage 0 or I tumors at surgery had a 79% five-year survival 
after thoracotomy in the MGH trial, and those with N0 or N1 downstaging had a 33% six-year survival in SWOG 8805. These two trials cannot be directly compared 
due to major differences in disease bulk (higher in SWOG 8805).

Nodal downstaging was also noted in the WGCS study—80% for the subset with N2 or N3 disease. 42 A complete resection predicted statistically favorable four-year 
survival from time of registration (46% versus 11% if resection or not; Table 44.10). However, survival by this variable should have been reported from time of surgery 
for those eligible for thoracotomy. Also, a resection was not performed for all patients with nonprogression. Thus it is not surprising that there was no difference in 
survival by the variable of pCR. The critical group with radiographically stable disease postinduction, some of whom might have had pCRs, were perhaps erroneously 
included in the group “no pathologic CR.” An important observation was that the lactic dehydrogenase (LDH) cutpoint of less than 240 was a strong univariate 
discriminant of favorable survival at four years (37% versus 0%). A multivariate analysis was not conducted.

COMPLETED RANDOMIZED TRIALS OF SURGERY ALONE VERSUS INDUCTION THERAPY FOLLOWED BY SURGERY IN 
RESECTABLE DISEASE

This section addresses the second debate outlined on Table 44.1 regarding the role of induction therapy for patients with either early-stage or minimal N2 disease 
(negative CT scans of mediastinum with either no or microscopic N2 involvement on mediastinoscopy). Up-front surgical resection is the standard treatment for this 
group of patients. The disease burden in patients enrolled in these trials was generally smaller than trials described in Table 44.4, Table 44.6, and 44.9.

Eligibility Criteria and Trial Design

Four small randomized studies and one large phase III trial were conducted for NSCLC in which the control arms were surgery alone, as described in Table 
44.11.44,45,46,47 and 48 The comparator arms were induction chemotherapy with or without variably timed RT. The first two studies are rarely discussed, the second two 
are debated frequently, and the last was presented at the 1999 meeting of the American Society of Clinical Oncology.



TABLE 44.11. REPORTED PHASE III TRIALS OF SURGERY WITH OR WITHOUT INDUCTION THERAPY IN RESECTABLE NSCLC

Although surgery alone (with or without some RT) was deemed acceptable for the control arms of these trials, the eligibility criteria for bulk of disease varied among 
the five studies. Patients with more advanced disease were enrolled in the NCI (multiple N2 nodes on mediastinoscopy) and Japanese (clinically bulky) trials. 44,45 The 
NCI trial was the most homogeneous in the stage subsets accrued. However, neither the M.D. Anderson nor the Spanish studies required microscopic N2 disease, 
and mediastinal node biopsy was not mandated if the CT scan was negative. 46,47 In fact, in the surgical control arm of the M.D. Anderson trial, 40% of cases were 
actually stage IIIB or IV at time of operation. Thus the treatment groups of the small M.D. Anderson and Spanish studies had heterogeneous stage subset 
distributions. The same stage-mix issues exist in the large French Thoracic Cooperative Group (FTCG) trial, with some imbalance of stage subsets between the two 
arms (p = 0.07).48 Furthermore, clinical staging alone was accepted and documentation of N2 status was not required in the FTCG study.

The induction chemotherapy regimens for the five trials were cisplatin-based and were also variably given after surgery depending on the study design ( Table 44.11). 
The use of RT was also different in each trial, so these were not “pure” trials of induction chemotherapy followed by surgery versus surgery alone. For example, RT 
was employed either postoperatively only in the nonchemotherapy arm, concurrent with the induction chemotherapy, postoperatively only if residual disease in both 
arms, or postoperatively for all patients.

Outcome of the Five Phase III Trials with a Noninduction Control Arm

Three of the five trials closed before the target accrual goal was met. The NCI trial was halted due to slow accrual, whereas the M.D. Anderson and Spanish studies 
were stopped early by data monitoring committees due to large survival differences ( Table 44.11). The NCI investigators found no statistical difference between the 
two arms, but the p-value decreased with longer follow-up to 0.11 in favor of the chemotherapy arm. 44 There were differences in recurrence patterns by arm in the NCI 
trial, in that less distant but more local disease was observed in the induction chemotherapy group. The group with preoperative chemoRT had a survival rate identical 
to the surgery-alone arm in the Japanese study. 45 However, only clinical staging was required in this small phase III trial, resulting in stage and disease bulk 
imbalances.

The two small randomized trials were stopped early due to strongly positive results in favor of the induction chemotherapy arms, as shown in Table 44.11.46,47 With 
additional follow-up of the M.D. Anderson trial cohort (median follow-up, 81 months), 32% of patients were alive in the induction chemotherapy group versus 16% in 
the surgery-alone arm (p = 0.06).49 The p-value became significant if only deaths due to cancer were considered. The Spanish trial was updated in a meeting 
presentation at the 1997 World Lung Cancer Congress. No patients survived in the surgery group, whereas 16% were long-term survivors in the induction 
chemotherapy arm.

These M.D. Anderson and Spanish trials continue to generate discussion and debate. The consensus is that these results were provocative but not definitive. There 
are aspects of the design and outcome of the studies that call for confirmatory trials. The major concern is the marked substage heterogeneity within these two trials. It 
is not clear if early-stopping rules for these very small trials accounted for the strong potential influence of even slight substage or molecular prognostic factor 
imbalances between the two arms. Minor shifts of these factors between arms would have a major impact on the survival differences due to the small sample sizes. 
Furthermore, the surgical control arms fared poorly, possibly due to substage imbalances. There was a large number of unexpected stage IIIB/IV disease at time of 
surgery in the control arm of the M.D. Anderson trial. The Spanish trial control arm had 37% patients with N0 or N1 disease, but this arm contained more tumors with 
K-ras mutations and aneuploid DNA, both potential adverse prognostic factors. Small differences in unstratified prognostic factors such as K- ras could potentially 
affect the results.

The results of the FTCG trial in 355 eligible patients were presented at the 1999 meeting of the American Society of Clinical Oncology. 48 There were two 
treatment-related deaths during induction chemotherapy. Eight postoperative deaths (4.5%), six due to pneumonia, occurred in the surgical control arm. There were 
14 postoperative deaths (8%) following induction chemotherapy, six due to fistula or empyema and seven from pneumonia. The overall survival rate favored the 
induction chemotherapy arm but did not reach statistical significance at a median follow-up of 59 months (p = 0.09). The hazards were not proportional over time, with 
later emergence of superiority in the cohort that received induction chemotherapy. The median survivals were 37 and 26 months, and the three-year survivals were 
52% and 41% in the induction and surgery-alone arms, respectively. The lack of pathologic staging and wide range of stage subsets were problematic, but a Cox 
multivariate model adjusted for stage and N status revealed a p-value of 0.053 in favor of induction chemotherapy. The benefit of induction chemotherapy was 
statistically significant for those patients with N0 or N1 disease, but not for N2, although this is a subset analysis. Induction therapy also significantly decreased 
distant relapses (p = 0.009), but there was no difference between arms in the local relapse rates.

Despite the specific concerns regarding each of them raised in the preceding discussion, these five trials, provide encouragement regarding the potential role of 
induction therapy in earlier-stage disease. The large ongoing phase III trials worldwide (discussed later in this chapter) that are designed to minimize stage-mix and 
bulk-of-disease biases will definitively address the value of induction therapy in resectable disease. These trials also include ancillary biomarker and PET imaging 
substudies that will analyze characteristics to predict the best candidates for induction therapy approaches and those who will derive the most benefit from 
postinduction surgery.

PHASE III INDUCTION TRIALS THAT ADDRESSED OTHER IMPORTANT QUESTIONS

Radiotherapy as a Component of the Induction Regimen

The only randomized trial to date that addressed the need for RT in the induction regimen was conducted in Brazil and published as a meeting abstract. 50 Ninety-six 
patients with either clinically bulky or biopsy-proven stage IIIA(N2) and T4 IIIB disease were randomized between chemoRT followed by surgery versus chemotherapy 
alone followed by surgery ( Table 44.12). Two programs commonly employed at the time were compared: cisplatin and 5-fluorouracil plus RT versus the MVP regimen. 
At the 1994 abstract presentation, survival was significantly better in the chemoRT arm. More neutropenia and neurologic toxicity were observed in the MVP arm, 
whereas there was a higher rate of mucositis in the chemoRT group. Updated results were provided during a 1997 meeting presentation but are not published at this 
writing. The five-year survival was 31% in the chemoRT arm but only 15% in the MVP arm (p = 0.05). However, this study enrolled mixed bulk disease with some but 
not all cases pathologically staged.



TABLE 44.12. COMPLETED PHASE III INDUCTION TRIALS FOR NSCLC THAT ASKED OTHER QUESTIONS

To determine definitively the worth of induction RT, additional study is needed in a homogeneously staged population with identical induction chemotherapy on both 
arms. A major concern for the group of patients with advanced stage disease is that induction chemotherapy alone may not be enough to deal with bulky local 
disease. One other lead regarding the necessity of RT was provided in a Japanese trial that did not include surgery. 51 Patients with stage III disease without 
progression after two cycles of cisplatin-containing chemotherapy were randomized to RT with 60 Gy (2 Gy per day) or to no additional therapy. The three-year 
survival rate was 29% versus 3% in favor of the addition of RT. An ongoing phase III trial in Germany tests the contribution of hyperfractionated RT to induction 
chemotherapy versus induction chemotherapy alone. 52 Radiotherapy is given after surgery in the arm without induction RT, so it is not a pure test of the question. 
However, this study will determine if induction chemoRT yields a higher rate of pCR, complete resection, and nodal downstaging (all important variables for long-term 
survival, as discussed above) than induction chemotherapy alone. Japanese investigators plan to conduct a phase III trial of induction chemoRT versus induction 
chemotherapy. But for now, the role of RT as an induction modality is still debated, especially questioned in the subset with low-bulk, early-stage disease.

Radiotherapy Timing and Fractionation in Induction Trials

If the added value of RT is accepted in multimodality trials that include surgical resection, controversy also exists regarding the optimal timing of RT with respect to 
chemotherapy and surgery. The debate has been that concurrent induction chemoRT is more toxic than sequential and that no data exist to support its use over 
sequential therapy for unresectable disease. 8 No trials have been completed with postinduction surgery to address the question of concurrent versus sequential 
chemoRT. However, a Japanese study without surgery was conducted regarding this issue in unresectable, stage III disease. 53 There was a significant long-term 
survival advantage to the concurrent over the sequenced regimen. An ongoing RTOG trial directly tests this question in locally advanced disease (but without surgical 
resection). The phase III German trial compares induction chemotherapy followed by concurrent chemoRT (hyperfractionated) followed by surgery with induction 
chemotherapy followed by surgery followed by standard RT. This is the only induction trial planned at this writing to address the “position” of RT in the multimodality 
treatment program, although the RT fractionation is different in each arm.

Because there are no completed studies that directly address the radiation timing question, it is difficult to determine if there is added excessive morbidity from 
concurrent chemoRT induction compared with chemotherapy alone. The toxicity profiles reported in the various second- and third-generation phase II studies 
reviewed herein were similar regardless of when the RT was given, although concurrent chemoRT regimens perhaps resulted in a higher rate of esophagitis. The 
overall operative mortality and pulmonary complication rates were not significantly different between the two approaches, even when hyperfractionated RT regimens 
were employed (discussed later in this chapter). The CALGB investigators had difficulty completing the planned RT that was prescribed in the trial “posterior” to the 
surgery because of patient compliance and dropout because of toxicity. 29

Whether induction chemoRT with hyperfractionation is better than standard, once-daily dosing is another important question. The safety profile and efficacy of 
preoperative hyperfractionated RT combined with chemotherapy followed by surgery were defined in two recent trials. 41,42 A randomized study of single versus 
twice-daily fractionation combined with chemotherapy (but with no subsequent surgery) is ongoing by the RTOG, but no trial that compares the type of induction 
fractionation with the addition of surgery is in progress at this writing.

Surgery versus Radiation after Induction Chemotherapy

Which modality—surgery or RT—provides optimal local control after induction chemotherapy is another critical question. Prior study results were mixed regarding 
whether achievement of a complete resection was a favorable predictor of long-term survival. For example, the CALGB I study update reported that many of the 
long-term survivors did not undergo a complete resection, and the Memorial Sloan-Kettering Cancer Center investigators did not find this to be a major discriminant 
like pCR.25,40 However, the SWOG and Toronto investigators found prolonged five to six-year survival if complete resection was accomplished. 27,38

Two randomized studies were designed directly to address the worth of postinduction surgery versus postinduction RT: one by the NCI Canada (n = 31) and the other 
by the RTOG (n = 71).54,55 These phase III trials are described in Table 44.12. Both protocols randomized the study population to induction chemotherapy followed by 
either surgical resection or definitive RT. The studies required biopsy proof of mediastinal nodal involvement, and only patients with stage IIIA(N2) disease were 
eligible. Both studies closed prematurely because of impaired accrual but were recently reported with mature follow-up. The survival curves overlap in both studies. 
The four-year survival was 13% in the surgery arm and 20% for the RT group in the RTOG study. These findings are intriguing, but do not answer the question due to 
lack of statistical power. Large, ongoing phase III studies by the North American Intergroup and the European Organization for the Research and Treatment of Cancer 
(EORTC) are designed to answer the question regarding definitive RT versus surgical resection, and both should meet their accrual goals (described later in this 
chapter).

Chemotherapy or Radiation as the Sole Induction Modality

Only one phase III trial has been designed directly to compare induction chemotherapy with induction RT. 56 This trial of the CALGB in patients with biopsy-proven N2 
disease is described in Table 44.12. One arm had both induction and posterior RT (“best local-regional therapy”), whereas the other arm had induction chemotherapy 
and adjuvant chemotherapy followed by posterior RT. The study closed prematurely because of poor accrual, with only 47 patients enrolled. At last report, the survival 
curves were identical. However, this one incomplete study should not be used to argue against proceeding with other randomized trials of induction chemotherapy.

OLDER VERSUS NEWER CHEMOTHERAPY REGIMENS WITHIN INDUCTION PROGRAMS

Many chemotherapy regimens are effective in the induction setting, and response rates in general are higher than observed with the same combinations in stage IV 
disease. However, no one regimen can currently be recommended as superior to the others, and no phase III trials asked or plan to address this question. All 
protocols with published safety data and long-term follow-up employed second-generation cisplatin-based combinations, either alone as induction therapy or in 
sequence or concurrent with RT. Mature data are lacking on trimodality approaches that incorporate new agents, and only a few pilot studies in early stage disease 
assessed the role of new agent-based induction chemotherapy. It is too early to determine if these programs will be at least as safe and effective as the studies 
reviewed in this chapter. Prior to recommending new agent combinations for presurgery induction programs, the feasibility and superiority (either in terms of survival 
or patient tolerance or both) of adding new agents within a chemoRT approach with no surgery in locally advanced disease must first be proven.

Pilot studies of induction chemotherapy or induction chemoRT that used one of the newer agents, such as a taxane, gemcitabine, or vinorelbine, in combination with 
cisplatin or carboplatin, or as doublets without a platin, have been initiated. To date these are reported in meeting summaries or in abstract form only, and follow-up is 
short. One example is the phase II study of the Bimodality Lung Oncology Team (BLOT). 57 Ninety-eight patients with early stage, minimal disease burden and a 
negative mediastinoscopy (T2N0, T3N0, T1–3N1) were treated with two to three cycles of carboplatin plus paclitaxel, followed by surgery and an additional two to 
three cycles of chemotherapy. Patients with unresectable disease, positive margins, or N2 nodes were taken off the study. The response rate was 54%, the complete 
resection rate was 82%, and there were four pCRs. There were two postoperative deaths. This was a well-tolerated induction regimen, but so far, with short follow-up, 
the results are not superior to the standard second-generation induction regimens. Thus ongoing phase III trials in early-stage disease that employ second-generation 



induction chemotherapy regimens should not be critiqued on this issue.

Many of these ongoing studies incorporate etoposide in the induction regimen, but its role is often questioned. The Avignon, France, group conducted two successive 
phase II trials for patients with mixed stage III disease, with identical staging criteria in each trial, in which the addition of etoposide was the only difference between 
studies. Superior five-year survival was achieved with concurrent cisplatin, etoposide, and RT (26%), compared with cisplatin and RT (12%, p = 0.008). 58 The addition 
of etoposide was an independent favorable predictor of survival in a multivariate analysis, and local control was significantly improved.

Another concern regarding ongoing studies with second-generation induction chemotherapy or chemoRT is that, based on current practice patterns in stage IV 
NSCLC, new drug combinations should replace the old. This recommendation is premature for several reasons. So far, no regimen has emerged as superior to 
second-generation regimens in the stage IV setting. 59,60 Furthermore, numerous phase II pilot studies of a taxane, or a platin plus a taxane, (usually paclitaxel) in 
combination with RT but without subsequent surgery were recently reported in stage III disease, with encouraging early results. 61,62,63 and 64 However, none of these 
newer programs tested in carefully staged subsets have to date reported superior efficacy or long-term survival over second-generation programs. Response rates in 
four successive trials of paclitaxel and RT with or without carboplatin were 73% to 77%, very similar to the response rates of the second- and third-generation 
induction chemoRT programs reviewed herein. 62,65 The three-year survivals of 15.5% and 19% reported in two of these trials and the two-year survival of 38% from a 
third study are comparable to those reported in the past for second-generation cisplatin-containing chemoRT bimodality regimens without surgery. For example, the 
two- and three-year survivals after the combination of cisplatin, etoposide, and concurrent RT without surgical resection in the SWOG 9019 stage IIIB study were 33% 
and 26%, respectively. 39 Overall response and one-year survival rates were also no different from the SWOG 9019 findings in a recent randomized phase II study 
conducted by the CALGB.66 This bimodality study for patients with clinical stage III disease tested chemoRT with cisplatin plus either paclitaxel, gemcitabine, or 
vinorelbine. Longer follow-up is needed to determine if the “tail” on the survival curves is better than seen to date with second-generation chemotherapy plus RT. Until 
then, completion of ongoing phase III randomized studies that employ second-generation chemotherapy in combination with RT prior to surgery can be justified.

Safety and tolerability data reported to date from new agent-based approaches with bimodality chemoRT regimens (either sequenced or concurrent with no surgery) 
and trimodality studies (with surgery) raise concern. Severe esophagitis, neutropenic fever, hospital admissions, stump insufficiency, and other serious problems were 
reported at rates as high as 49%.62,64,66,67 and 68 Given these early observations of significant toxicity, more data is needed before routine use of new agents as part of 
induction regimens can be recommended. Ideally, ongoing trials of chemoRT alone should mature with complete safety analyses before making the leap to 
incorporate surgery. With all new trials involving new agents, it will be critical to monitor the stage subset mix and methods of substage documentation in order to 
determine if the anticipated reports of superiority can be attributed solely to the change in chemotherapy.

TREATMENT-RELATED MORBIDITY AND MORTALITY IN COMBINED MODALITY INDUCTION TRIALS

The morbidity from combined modality therapy that includes surgery is not insignificant. It is often difficult to attribute a particular toxicity to just one modality, because 
the entire “package ” effects patient tolerance and the treatment-related mortality. All combined modality induction programs were tested in the “fittest” patients, who 
were fully ambulatory and had general medical conditions that permitted the rigors of this therapy. Eligibility criteria were of necessity quite strict in these trials. It may 
be dangerous to offer this type of treatment outside a clinical trial, especially to patients who have a poor performance status and/or major comorbidities, because the 
literature will underestimate the extent of morbidity and mortality in this group. Clinical trials designed for the large group of patients ineligible for these aggressive 
approaches are needed. But for patients who match the eligibility criteria of published studies, the literature provides some information on the expected morbidity and 
mortality during induction therapy, the postoperative period, the late or posterior chemotherapy and/or RT, and after all treatment is completed.

During Induction Therapy

The most common toxicity reported among all trials during the presurgery induction phase is myelosuppression from chemotherapy. This is usually short-lived and in 
most studies did not result in admissions for neutropenic fever. Other drug-specific side effects, such as nausea and emesis, diarrhea, mucositis, and cisplatin-related 
malaise, are variably reported. In fact, nausea and emesis are now quite infrequent compared to the rates reported in the initial trials because of the expanded 
number of compounds effective against this toxicity. Esophagitis is more often observed after induction chemoRT than chemotherapy alone, although severe events 
occurred in less than 10% of patients in most series with single fractionation RT. 30,31,32,33 and 34 The two third-generation trials with hyperfractionated RT reported 
severe esophagitis rates of 6% and 14%.41,42 Pneumonitis during induction therapy is quite rare, except that the risk of septic deaths from postobstructive pneumonia 
may have been greater with the MVP regimen in one large series. 27 Overall, most second-generation induction regimens were fully managed in an outpatient setting. 
A significant proportion of patients who enter induction therapy with symptoms related to bulk disease in the chest report a gradual improvement in sense of 
well-being and performance status as treatment is ongoing. However, formal quality-of-life studies have not been conducted for this group of patients.

During the 30-Day Postoperative Time Period

Despite the wealth of clinical trials that follow algorithms leading to eventual exploration and resection after induction therapy, there is no consensus as to what 
constitutes expected or acceptable postinduction surgical morbidity and mortality. This lack of consensus is due to the marked heterogeneity of induction regimens (as 
reviewed in preceding sections); the lack of consistency across trials in the adequate reporting of surgical complications; different criteria for preoperative eligibility 
regarding pulmonary function, comorbidities and conditioning (see section to follow); and variable experience of the surgeon in dealing with postinduction surgical 
scenarios at the time of thoracotomy and in providing the required supportive care during the postoperative time period.

A number of publications document the risk of pulmonary resection in the noninduction situation. The modern 30-day mortality for pneumonectomy is 3% to 6.2% and 
the mortality of a standard lobectomy is 1% to 2%.69,70 and 71 As detailed in Chapter 41, the most frequent complications after pulmonary resection include 
supraventricular arrhythmias (16% to 18%), atelectasis (7%) and air leak lasting longer than seven days (5%). These rates are rarely provided in the induction therapy 
literature. However, in a large series involving multiple institutions, the SWOG investigators observed a similar spectrum of perioperative complications. 30,37 Acute 
surgical morbidities appear to be similar regardless of the type of induction, unless RT is given and too much time is allowed to elapse so that extensive fibrosis is 
encountered. Whether drugs that rarely cause pulmonary reactions during induction therapy increase the rates of these types of postoperative complications is not 
clear. However, the incorporation of drugs such as mitomycin C in the induction regimen often leads to higher rates of major pulmonary morbidity (13% in the 
Memorial Sloan-Kettering Cancer Center series). 25

Pulmonary complications and deaths due to pulmonary causes during the postoperative time period are the greatest concern after induction therapy, and collectively 
rates are probably greater than reported in the literature after surgery alone. In particular, events such as extensive pneumonitis (usually culture-negative), ARDS, 
and bronchopleural fistula have a high mortality in the postoperative period. Pulmonary morbidity and mortality rates are often quoted to be greater after induction 
regimens with chemoRT than after induction chemotherapy alone. However, a careful review of all the literature available (detailed in preceding sections) discloses 
great variability. Postoperative mortality rates from 3.1% to 17% (including some cases of ARDS) were reported after MVP- or VP-containing induction chemotherapy, 
from 4% to 15% after second-generation induction chemoRT, and from 5% to 7% after induction chemoRT with hyperfractionation.

The specific type of mortal postoperative event may differ according to whether RT was included with induction chemotherapy or not, although this issue is not fully 
resolved. For example, complicated stump insufficiency was the most common cause of postoperative death in the WGCC experience with twice-daily RT in the 
induction42, whereas ARDS may be the most common cause of postoperative deaths after single fractionation chemoRT in multiple series. The presence of RT in the 
induction regimen, however, may not be the sole explanation for greater pulmonary-related mortality, especially ARDS, after certain induction regimens. For the most 
part, many of the patients treated with concurrent chemoRT induction approaches had advanced, central disease that required a pneumonectomy after induction. 
Pulmonary-related postoperative mortality rates are expected to be much higher in this population with advanced disease. 30,32,42 So far, there has been no difference 
in overall postoperative mortality rates compared to the surgery-alone control arms in trials with induction chemotherapy for early, more minimal bulk disease. 46,47 and 48

 Complete data regarding pulmonary-related complications after pneumonectomy is needed from these three trials.

It is too soon to know the true mortality rates and cause after incorporation of the newer chemotherapy agents into the induction regimen. The BLOT investigators 
reported a reassuringly low postoperative mortality rate after induction carboplatin plus paclitaxel. 57 However, other reports are worrisome. The Vanderbilt 
investigators observed life-threatening complications after induction carboplatin plus paclitaxel in 32% of 25 patients, with an 8% postoperative mortality. 68 The Rush 
Presbyterian St. Lukes group reported an increased incidence of ARDS and bronchopleural fistulae using preoperative paclitaxel-containing chemotherapy with 
concurrent RT.67



Serious pulmonary complications in the postoperative period clearly result from a combination of causes in addition to the type of induction therapy. 72,73,74 and 75 
Although doses of RT higher than 45 Gy have been implicated, 74 the occurrence of ARDS in trials with no induction RT and the lack of an excess rate of ARDS in 
other trials with higher-dose RT or altered fraction RT 34,41,42 underscore that the tolerance of lymphatic sump disruption and postpneumonectomy shunts is variable 
after both induction chemotherapy and induction chemoRT. The type of complication may also vary based on the schedule of the RT, with perhaps more events of 
serious stump insufficiency but less ARDS after hyperfractionated versus single-fraction RT. The preoperative DLCO may be the most important screen for the risk of 
serious postoperative pulmonary complications, an hypothesis that is being studied prospectively in the current North American Intergroup phase III trial in N2 disease 
(see Table 44.13).

TABLE 44.13. ONGOING OR PLANNED PHASE III STUDIES THAT ADDRESS THE ROLE OF SURGERY FOR BIOPSY-PROVEN STAGE IIIA(N2) NSCLC

After the Postoperative Time Period

Many induction program algorithms recommend additional chemotherapy with or without RT after the patient has recovered from surgery. Usually the spectrum of 
toxicities from posterior chemotherapy are similar to those observed during induction, 30 although it may be more difficult to complete a boost dose of RT. 29 Patients 
are at greater risk for pneumonitis, either from prior RT or due to infectious causes, beyond the postoperative time period, especially if the prior surgery was a 
pneumonectomy. Data on this issue are rarely reported in the induction therapy literature. 30 Prompt attention to symptoms of infection with broad-spectrum antibiotic 
coverage is critical to minimize the risk of mortality.

The other major morbidity experienced by many patients after induction therapy followed by surgery is a posttreatment constitutional syndrome. This consists of a 
constellation of symptoms including thoracotomy pain, malaise, anorexia, and poor pulmonary reserve. This syndrome probably occurs at a greater frequency than 
with radiation or surgery alone, but its rate is grossly underreported. 30 It often resolves within a year after treatment, although its lingering presence is clearly 
discouraging to the patient and caregiver. Prospective quality-of-life analyses and active rehabilitation protocols for this population are needed. Patients also continue 
to experience problems from their comorbid diseases long after treatment is completed, especially cardiovascular disease and noncancer pulmonary events. 
Competing cause-of-death reporting is rare, and death certificates often attribute cause to “lung cancer” even when the disease has never recurred. The SWOG 
investigators categorized cause of death via a review of flow sheets for the patients without disease progression, rather than assume all were cancer-related. 
Although cancer accounted for 64% of all deaths, 20% were due to various other causes, such as late pneumonia long after the end of treatment, myocardial 
infarction, pulmonary embolus, cerebrovascular accidents, trauma, ulcer, or second primaries. 30

OTHER IMPORTANT CONSIDERATIONS REGARDING THE INDUCTION THERAPY APPROACH

Several areas more relevant to the treatment of patients with induction therapy followed by surgery than other aspects of lung cancer care merit special mention. 
These include the importance of a multidisciplinary patient evaluation, management, and follow-up; assessment of the functional status of the patient before and after 
induction; various radiotherapy issues; and special surgical considerations such as the extent of resection, the timing of surgery, and technical issues during the 
operation.

Evaluation and Management by a Multidisciplinary Team

A multidisciplinary team approach is mandatory from the time of diagnosis. This team should include a thoracic surgeon with expertise in the technical demands of 
postinduction surgery and postoperative care, medical and radiation oncologists, a pulmonologist, a pathologist and a radiologist. The team discusses details of both 
the anatomic and functional workup, the patient's performance status and comorbid illnesses, the extent of staging workup needed, and whether the patient is eligible 
for a clinical trial (or if not, whether he or she fits the eligibility criteria for a published trial that reported a favorable risk-benefit ratio). The role for special staging 
procedures is also reviewed, including whether MRI or PET scanning would add to the information provided by the standard CT-scan-based approach.

During this initial multidisciplinary case review, the surgeon must specifically address issues related to the chest wall and mediastinum, including nodal status and the 
presence of chest wall or mediastinal invasion (T3 or T4 descriptors from the radiology review). This thoracic surgical evaluation will determine if a simple 
mediastinoscopy or mediastinotomy can provide all the necessary nodal sampling to establish fully the substage designation, or whether thoracoscopy or thoracotomy 
is needed to provide more data regarding N2 or T3–4 status. This comprehensive evaluation will also enable proper planning for the extent of operation that might be 
needed after induction therapy is complete. The pathologist's contribution regarding histologic subtype may influence the use of additional invasive staging of the 
mediastinum in the absence of suspicion on the CT scan (for example, undifferentiated tumors or large, central adenocarcinomas).

Airway assessment is also critical and can be obtained jointly by the pulmonary and thoracic surgery components of the team. A proximal obstruction might be cleared 
by laser or nonlaser techniques to provide better assessment of the airway for special surgical approaches such as bronchial sleeve resection. Moreover, as a patient 
enters an induction program, establishment of an adequate, nonobstructed airway lessens the chance for obstructive pneumonia or other airway complications such 
as hemoptysis during the hematologic nadir from chemotherapy. If the patient presents with a de novo pleural effusion that is large enough to access at the bedside or 
under radiographic guidance, cytologic examination of the fluid is mandatory to rule out pleural metastases that would make the patient ineligible for an induction 
approach.

Multidisciplinary team management is also necessary during induction and at the reevaluation point after induction therapy is completed. All specialists involved 
should see the patient at this time and discuss results of the restaging tests. New pleural or pericardial effusions are most often due to the intervening induction 
therapy if small, but should not be dismissed without evaluation if large enough to access. The functional status of the patient and degree of recovery from the 
induction therapy, along with any serious complications experienced up to that point, should also be reviewed jointly. A decision about whether to proceed to surgery 
is made, and if so, the optimal time for surgery is determined. The degree of radiographic response, together with anatomic location, functional evaluation (see 
below), and type and tolerance of induction therapy, will dictate the extent of resection needed and whether it is feasible and safe. The role of the nonsurgical 
members of the team is also important during the postoperative period to assist in the management of treatment-related morbidity.

Functional Evaluation of the Patient

In parallel with the important pretherapy anatomic evaluation of disease reviewed above, a thorough assessment of the patient's physiologic and functional status is 
critical before an induction approach is selected. This evaluation must be repeated after induction is completed but before surgery is attempted. The treatment of 
comorbid illnesses should be optimized, and a full cardiovascular and pulmonary assessment must be conducted. If there is a history of angina, hypertension, 
arrhythmia, or congestive heart failure, active medical therapy should be optimized, and prior catheterization or echocardiographic data should be retrieved and 
reviewed. A stress test to evaluate myocardial reserve is often indicated, along with other invasive cardiac testing as necessary. Right heart function must be 
considered, especially if a pneumonectomy is planned or possible.



Complete pulmonary function testing (PFT) that includes spirometry and lung volumes, an arterial blood gas measurement, and a DLCO is mandatory before induction 
and also before surgery. Special attention should be paid to the DLCO, since it may be the most important predictor of risk of subsequent serious pulmonary morbidity 
or mortality. Quantitative (split-function) perfusion studies should be added to the standard PFTs if the FEV1 is marginal for the planned lobectomy or 
pneumonectomy. Active pulmonary rehabilitation and general reconditioning directed by the pulmonologist and others is often needed during the entire course of the 
induction program. The latter includes nutritional support, functional conditioning, smoking cessation assistance, and application of appropriate bronchodilator, 
antibiotic, and steroid therapy as needed (see also Chapter 36).

Radiotherapy Considerations

If RT is given as part of the induction, careful joint evaluation of the patient by the radiation and medical oncologists is necessary. Close attention to the granulocyte 
count and hemoglobin as well as early indicators of esophagitis will minimize serious complications. This careful follow-up must be tailored to the regimen and the 
patient's specific needs, and requires experience on the part of both disciplines. For most chemoRT induction regimens, there is a clear “learning curve,” so the 
expertise of those familiar with a given approach should be tapped when embarking upon a program for the first time. When to hold the RT in the face of emerging 
toxicity versus the importance of continuing with full supportive care to maximize benefit is an important issue to balance in most chemoRT induction programs.

In addition to these practical matters, a number of theoretical concerns remain unresolved regarding the role of RT. One issue is the definition of the proper margin of 
normal lung. Radiation oncologists with experience in concurrent chemoRT induction recommend closer margins than usually employed in regimens without surgery. 
Tightening of the margin may decrease the risk of postoperative pulmonary complications. 30 Another important outstanding issue is the need to define the optimal 
target volume and dose within induction regimens. Clinical trials must be conducted to address how conformal RT approaches could be applied to minimize toxicity 
and fibrosis and to maximize the dose to the tumor.

Special Surgical Issues after Induction Therapy

An attempt at surgical resection is recommended even if disease remains stable on postinduction radiographic evaluation. Thus, mandating a formal response 
assessment beyond documentation of lack of progression may not be necessary. Patients with stable disease on CT scans of the chest after the induction is 
completed are often found to have either minimal or no tumor in the pathology specimen, and should also be offered resection. For example, in the SWOG 8805 
study, there were 37 patients who had stable disease after induction. Thirty of these underwent thoracotomy, of whom 26 were resected. Of these, 12 (46%) had no 
residual tumor or only rare microscopic foci of disease. 30

The timing of the resection after induction therapy will be defined in the clinical trial if a patient is enrolled in one. If not, the usual recommendation is to proceed with 
surgery three to six weeks after completion of the induction. A delay longer than six weeks may result in greater fibrosis if RT was used as part of induction. This 
finding adds major technical difficulty and risk of complications to the often already-complex resection. Even when the timing of surgery is optimal, the technical 
aspects of pulmonary resection after induction therapy can be quite demanding. Vascular planes may be obliterated by fibrosis, and the scarring at sites of previous 
tumor invasion can be unyielding to the standard maneuvers of pulmonary resection. The degree of fibrosis cannot be predicted, so operative time must be planned 
accordingly.

Guidelines for intraoperative assessment of resectability have not been standardized for the patient who has received an induction regimen. Bronchoscopy just before 
the resection often yields valuable information on the extent of the proximal margin and should be compared with the preinduction results, if one was done. General 
principles of operative conduct include the use of double-lumen endotracheal intubation, fluid restriction, and low concentration of inspired oxygen. The use of 
right-heart (Swan Ganz) monitoring should be selective, and pulmonary embolism prophylaxis should be considered.

The type of surgical resection required is to a large degree determined by the initial extent and bulk of disease, together with the predicted functional reserve of the 
patient. At least for approaches delivered to patients with advanced stage III disease, complex operations were often found to be necessary and the technical 
experience of the thoracic surgeon in postinduction surgery was critical to a favorable outcome. 2 Of the resections performed in the SWOG 8805 trimodality trial, 43% 
were standard lobectomies, 15% were complex lobectomies (extrapleural, spine, chest wall or sleeve resections), 13% were pneumonectomies, and 29% were 
intrapericardial pneumonectomies. 30,37 Resection criteria may also extend to atrial and caval resections, which is justified if the T4N0–1 designation remains true 
during intraoperative assessment of the mediastinal nodes. 38 However, there is no data yet to support similar extensive resections when N2 or N3 involvement 
persists.

The thoracic surgeon is often forced to deal with theoretical issues as induction regimens become more innovative and aggressive. In particular, what should define a 
“complete resection” after a major response to induction therapy? Should the margins of resection encompass the original extent of disease, or only what remains? 
Should a complete assessment be made of potential contralateral nodal disease, or should only the initially involved stations be resampled? Is a complete resection 
contraindicated if there is viable tumor in the nodes and lung, or is this the situation for which surgery would have the greatest impact on long-term survival? If the 
most aggressive course is favored, then extended approaches using median sternotomy or the clamshell incision to allow for bilateral dissection may be justified. The 
ultimate question, however, that will dictate replies to all these other issues is whether the surgery is needed “simply” for optimal local control, or if it truly impacts on 
long-term survival. Fortunately, ongoing phase III trials that address the role of surgery, with careful assessment of pathology variables in the chest and mediastinum 
at time of surgery and a full analysis of patterns of recurrence, will provide answers to these questions.

ONGOING PHASE III TRIALS WORLDWIDE

It is clear that an optimal induction approach cannot be recommended, since none has emerged as superior to date. Lack of consensus exists because: (a) no large 
randomized trial addressed a single question in a homogeneously staged, subset-restricted group of patients; (b) inconsistent application of careful staging methods 
resulted in marked variability in T and N subset groupings; (c) there was often a mix of extent of disease bulk within trials; and (d) many trials lacked a reproducible 
definition of what constituted “resectable ” versus “unresectable” disease upfront. Therefore the ongoing phase III trials around the world are most welcome, in that 
most of these problems are addressed in the study protocols. These trials are designed to either address the role of postinduction surgery or induction radiation in 
more advanced disease or question the value of induction chemotherapy in early stage disease.

Phase III Trials for Advanced Stage IIIA(N2) Disease

There are two large phase III trials ongoing worldwide to address the role of surgery and a third study is planned for patients with biopsy-proven stage IIIA(N2) 
disease (and selected IIIB in the third study). The trial designs are shown in Table 44.13. The current High Priority North American Intergroup Trial 0139 (RTOG, 
SWOG, ECOG, CALGB, NCCTG, and NCI Canada) compares the trimodality program developed by the SWOG 30 with the same induction chemoRT with full-dose RT 
but no surgery in pathologically documented, bulky, N2 disease. 76 Two cycles of posterior chemotherapy are given to all patients, but no posterior “boost” RT is used 
in the surgical arm. The trial is accruing well and planned analyses of toxicity and outcome by the Data and Safety Monitoring Committee permit completion of accrual. 
No unexpected toxicities or excess postoperative mortality were observed in the first 200 patients accrued by this broad North American consortium. The second trial 
is ongoing within the European Intergroup (Table 44.13). It asks whether surgical resection or RT is the optimal local control after three cycles of induction 
chemotherapy with any cisplatin-containing regimen.77 At the point of accrual of 179 patients, an interim analysis showed a resection rate of 89%, three 
treatment-related deaths, and downstaging in 42%. Patients were able to complete the postchemotherapy RT. The third phase III trial also addresses the role of 
surgery after induction therapy and is planned at this writing. It is a follow-up study to the phase II West German Cancer Center trial 42 and will also include the stage 
IIIB subsets of T4 and N3 (contralateral mediastinal nodes only). This study will test the worth of surgery after induction chemotherapy plus concurrent, 
hyperfractionated RT versus, instead of surgery, continuing the RT to 66 to 75 Gy using a conformal approach.

Phase III Trials that Ask a Radiotherapy Question in Stage III Disease

An ongoing study in Germany for patients with stage IIIA and IIIB disease is designed to test whether hyperfractionated RT as part of induction is better than induction 
chemotherapy alone. Its design is outlined in Table 44.14, and so far, this approach appears feasible and safe. 52 However, this study does not provide a pure test of 
the RT question, because those patients assigned to induction chemotherapy alone will receive single daily fraction RT after surgery. But this trial will provide 
important information regarding the contribution of RT to the achievement of pCR, complete resection, and nodal downstaging. A planned trial by Japanese 
investigators for patients with IIIA(N2) disease will test the important RT question. The only variable is the presence or absence of RT in the induction regimen ( Table 



44.14).

TABLE 44.14. ONGOING PHASE III TRIALS THAT QUESTION THE ROLE FOR INDUCTION CHEMOTHERAPY OR RADIOTHERAPY

Phase III Trials that Address the Role of Chemotherapy in Early-Stage Disease

The remainder of the trials described in Table 44.14 consider whether or not chemotherapy is indicated before surgery in patients with early-stage, nonbulky disease. 
These trials are all large enough, with careful restriction of the eligible stage subsets, that the critiques of the completed trials discussed previously will be 
addressed.46,47,48 The German Krebshilfe trial is ongoing for patients with central T3N0–1 or very minimal N2 disease (one or two positive nodes only). The designs of 
the trials from the North American Intergroup (follow-up of the BLOT phase II study, at this writing soon to open), EORTC (planned), Netherlands, and England are 
similar, differing primarily in the use or not of newer chemotherapy regimens.

INDUCTION THERAPY BEFORE SURGERY: THE TWO DEBATES, REVISITED

The questions posed in Table 44.1 can now be revisited, informed by the worldwide data reviewed herein on induction therapy followed by surgery. Can 
standard-of-care recommendations be made at this time in both categories of disease burden? That is, for patients with advanced stage or bulky disease, does 
subsequent resection improve survival, and if so, for which subsets? And should preoperative chemotherapy with or without RT be given routinely in patients with 
early stage or nonbulky disease who are candidates for resection? Many practitioners, especially in North America, have concluded “yes” to both debates and 
routinely prescribe such treatments outside a clinical trial setting for many stage subsets. However, the majority Consensus Statement of the International Association 
for the Study of Lung Cancer (IASLC) emphasized that the data argue it is premature to reach these conclusions in either disease group and that completion of the 
ongoing trials is needed to establish new practice guidelines. 7 Trials completed since this consensus statement do little to change this position.

The First Debate in Advanced, Bulky Disease Subsets

The IASLC Consensus Statement pointed out that feasibility and safety were demonstrated for postinduction surgery and that some provocative outcome data were 
reported for patients with advanced stage III disease. But postinduction surgery has not yet been proven to be superior to chemoRT or chemotherapy alone in this 
subgroup, even when phase II trials reported since publication of the position paper are considered. Thus this approach should not be routinely applied to initially 
unresectable or marginally resectable, bulky, N2 or stage IIIB disease, for which chemoRT remains the standard of care. Outside a clinical trial, exceptions might be 
considered for the special circumstances of either T4N0–1 disease or if all initial N2 and N3 disease is eradicated by the induction therapy. However, practice 
guidelines cannot be based solely on these subset analyses of phase II trials, so validation of the observations in the ongoing phase III trials is needed.

The Second Debate in Early, Nonbulky Disease Subsets

At the time of the IASLC Consensus Statement, data was available from four small randomized trials regarding the role of induction chemotherapy in early-stage, 
resectable disease. The position paper concluded that surgery alone was still the standard (versus preoperative chemoRT or chemotherapy) for these patients. This 
issue was unsettled at that time because of the concern over stage subset biases in the two randomized trials with positive results. 46,47 Since then, the 
superimposition of survival curves was reported in the two other (albeit incomplete) trials that tested surgery versus RT after induction chemotherapy, 54,55 thus 
keeping the debate alive. However, 1999 brought the first presentation of the results of the first large phase III trial, the French Thoracic Cooperative Group Study. 
The results were in favor of induction CT but as yet do not reach statistical significance. 48 Stage subset imbalances and the use of only clinical staging contribute to 
the uncertainty regarding the findings, but longer follow-up is needed. Thus there is justification to continue trials with surgery-alone control arms and complete 
accrual.

Resolution of the Debates

It is hoped that the two debates will be resolved with definitive answers via completion of the phase III trials outlined in Table 44.13 and Table 44.14. Yet there are 
growing trends to attempt resection of disease in all patients following chemotherapy with or without RT, to add new agents to induction RT ahead of published pilot 
safety and efficacy data in clearly defined subsets, and routinely to give third-generation chemotherapy prior to resection in those patients with early-stage disease. 
These practice trends may jeopardize the worldwide accrual to the randomized trials, and if so, this debate will remain the most controversial area in the management 
of NSCLC. All medical and radiation oncologists and thoracic surgeons involved in the care of these patients must support these studies, which in turn will resolve 
these two debates and establish new practice standards for a large subset of patients with NSCLC.

CURRENT AND FUTURE CHALLENGES

Apart from the critical questions addressed by the ongoing clinical trials ( Table 44.13 and Table 44.14), a number of other areas must be addressed in parallel to 
achieve the next level of improvement in survival for these patients. Perhaps the most critical area for study is novel approaches for the treatment of residual distant 
microscopic disease after completion of a standard induction program.Even the newer chemotherapy regimens, when merged into induction programs, are not 
expected to result in “quantum” improvements in long-term survival. Many types of approaches are available for testing as “consolidation,” including matrix 
metalloproteinases, angiogenesis inhibitors, antibodies to growth factor receptors, gene therapy, and vaccines. At the same time, however, new approaches to 
achieve better local control are needed. The role for the PET scan and functional imaging approaches within induction therapy programs must be defined, as well as 
optimal use of molecular markers and other variables to predict better which patients benefit from surgery after induction therapy.

Concurrent with this research, studies are needed on how to maximize quality of life and functional reserve (especially pulmonary, via active rehabilitation programs) 
during combined modality induction therapy, and how to minimize treatment-related pulmonary morbidity and mortality. Brain metastases must be prevented, since 
they are the major site of first distant relapse in this population. Chemoprevention of second primary cancers, smoking cessation initiatives, and aggressive treatment 
of comorbid conditions will lengthen the survival time of the patients who are free of recurrence after completion of combined modality induction programs.
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WHAT IS LOCALLY ADVANCED NON–SMALL CELL LUNG CANCER?

The term locally advanced non–small cell lung cancer (LA-NSCLC) is used to describe disease that is too extensive for primary surgical resection, is limited to the 
thorax, and technically allows the inclusion of the entire tumor within a reasonable radiation field. This definition typically includes patients with bulky inoperable stage 
IIIA and stage IIIB lesions, usually with the exclusion of patients with a malignant pleural effusion. In the most recent revision of the staging system for lung cancer, 1 
T3N0 tumors were assigned to stage IIB because of their distinctively more favorable prognosis when compared to lymph node–positive subgroups of stage IIIA. 
Although controversy exists regarding the selection of clinically stage IIIA patients for surgery as a component of their initial management, the following discussion 
addresses issues related to the management of patients whose treatment excludes surgery.

EFFECT OF THORACIC RT ON LOCAL CONTROL

Patients with LA-NSCLC comprised 25% to 40% of 178,100 new lung cancer patients diagnosed in 1997 in the United States. 2 Until recently, the standard treatment 
administered to those patients has been a six-week course of fractionated external beam thoracic radiation therapy (RT) to 60.0 Gray (Gy). The dose of photon 
irradiation has been investigated by trials conducted by the Radiation Therapy Oncology Group (RTOG). RTOG 73-01 3 randomized 551 patients to four arms of 
thoracic RT: 40.0 Gy delivered in a continuous fashion (2.0 Gy daily, 5 days a week, for 4 weeks) versus 40.0 Gy in a split course, versus 50.0 Gy continuous versus 
60.0 Gy continuous. The highest treatment response rate (55%), the lowest rate of local tumor failures at 3 years (36% versus 63%), and the best three-year survival 
rate (20% versus 10%) were observed among patients assigned to the 60.0 Gy arm. Unfortunately, these tumor control and survival advantages were lost by 5 years, 
with identical estimated local failures and survival rates in the 60.0 and 40.0 Gy arms of 70% and 7%, respectively. The dose 60.0 Gy over 6 weeks was adopted as 
the standard dose for definitive RT of patients with LA-NSCLC despite a six-year survival of only 5%. Lack of benefit of standard thoracic RT on survival was the main 
conclusion of a randomized Southeastern Cancer Study Group trial, 4 where 319 patients with LA-NSCLC received either thoracic RT, or single-agent vindesine, or 
both combined. The overall response rate was superior in both RT arms (30% versus 10%, p = 0.001), but median survival time (MST) was 8.4 months for patients 
receiving RT alone, 9.4 months for those receiving RT+vindesine and 10.1 months for those receiving vindesine (p = 0.58). The study reported a large (37%) 
proportion of patients on the vindesine arm receiving delayed RT, therefore making it a study of immediate versus delayed thoracic RT.

Reports on the ability of any nonoperative therapy to locally control LA-NSCLC vary markedly, depending on the nature of the assessment and the time interval since 
therapy. Furthermore, short survival and varying methods of assessing for local and distant failure compounds this problem. When posterior-anterior and lateral chest 
radiographs were used in RTOG 73-015 and a cross-section of the tumor or the pulmonary shadow is recorded, a complete response was reported in 24% of patients 
treated to 60.0 Gy, and a partial response in 32%. Another 35% had stable disease, and only 9% progressive disease. One has to note that those two-dimensional 
data may not reflect the true volumetric responses. When a complete response was defined rigorously as absence of tumor by the clinical, radiographic, and 
bronchoscopic examinations, with a negative endoscopic biopsy, 6 and the evaluation of a response repeated every 6 months, only 16% to 20% of patients had a 
complete response, 15% a partial response, 16% to 20% stable disease, and 45% to 53% progressive disease at 3 months after the completion of radiotherapy; 
however, at 3 years local control was only 7% to 8%. More recently, an impressive bronchoscopically verified local control of 71% at 2 years has been reported by 
King et al.,7 with a higher dose, chemotherapy-assisted novel hyperfractionated accelerated RT to a total dose of 73.6 Gy, directed to the primary tumor and adjacent 
enlarged lymph nodes.

The tumor control probability for bronchogenic carcinoma can be estimated to be 10% for tumors of more than 4 cm at a dose of 80.0 Gy, with an assumption that an 
average sized lung cancer may require doses beyond 100.0 Gy to control tumor with a 50% to 80% probability. 8 Therefore, if the local tumor control is a prerequisite 
for improved survival, one may expect to start seeing the impact of a local control on survival only, when eradication of the tumor will be possible in more than 50% of 
treated patients.

MEDICALLY INOPERABLE STAGE I NSCLC AND LOCAL CONTROL

Radiotherapy can effectively control small lung tumors. There are several reports of a durable intrathoracic control achieved in patients with clinical stage I (T1 or T2) 
tumors.9,10,11,12,13,14 and 15 Precise data on the relationship between tumor size (or volume) and the degree of local control are lacking in the radiotherapy literature, but it 
appears that the rate of local failure with standard thoracic RT increases sharply with the largest tumor diameter exceeding 3 or 4 cm. For example, the intrathoracic 
failure rate at 3 years was only 4% (1/24) in medically inoperable stage I patients whose tumors measured no more than 4 cm, but increased to 47.8% (11/23) in 
patients with larger tumors, treated with a hypofractionated course of RT to a dose of 48 or 56 Gy. 9 Similarly, Kupelian et al. 15 quote a local failure at 3 years of 11% 
for T1 lesions and 39% for T2 tumors, with significant favorable prognostic factors for local control being tumor size of less than or equal to 4 cm, no chest wall 
invasion, a radiation dose of at least 60 Gy, and a complete response at 6 months after RT. It appears, however, that with longer follow-up, local failure rates increase 
significantly, even for those small tumors. 11 Nevertheless, definitive RT can provide three-year cause-specific survivals of 30% to 49% 11,13,15 for patients with small 
tumors and no radiographic evidence of lymph node involvement, and serve as a noninvasive equivalent of wedge resection. A clear-cut dependence of local control 
and disease-free survival (DFS) of T1 tumors on RT dose is evident in several reports, 10,11,15 with DFS of 90% at 3 years when doses of 65 Gy or higher are used, 
compared to 29% if doses between 60–65 Gy are delivered (p = 0.0611). 10 Overall, it appears that the dose-response relationship in NSCLC is evident only for tumors 
3 cm or smaller, at least within the range of doses of 60–65 Gy. In those patients with larger tumors, doses much higher than 65 Gy would likely have to be delivered 
to expect local control. This dose is difficult to achieve with larger tumors because of the constraints of toxicity to the surrounding normal tissues, mostly lung, spinal 
cord and heart.

Results of definitive RT cannot be directly compared to those of surgical resection because the pathologic status of regional lymph nodes is not routinely investigated 
prior to initiating RT, and patients often do not undergo as rigorous of a systemic staging before RT as they would before surgery. 13

ALTERED FRACTIONATION RT IN THE TREATMENT OF LOCALLY ADVANCED NSCLC (SEE ALSO CHAPTER 47)

The realization that local control of lung cancer with conventional RT (2.0 Gy daily, 5 days per week) remains unsatisfactory has led to various efforts at optimizing 
RT, including the altering RT fractionation schedule. One such alteration, called hyperfractionation (HF), or delivery of a larger number of smaller fractions, may 
potentially allow a higher total dose to be delivered to the tumor and result in improved local control, with the same probability of late effects to surrounding normal 
tissues. Although the MST (13 months) and two-year survival rates (29%) in the 69.6 Gy arm appeared superior to the benchmark standard fractionation results, there 
was no apparent improvement in five-year survival results, ranging between 6% to 8% in all dose levels. 16 In a phase III study coordinated by the RTOG (RTOG 
88-08/Eastern Cooperative Oncology Group [4588] ) (discussed in detail in the following section), the 69.6 Gy hyperfractionated dose was tested against two other 
arms, standard once-daily RT or induction chemotherapy/standard RT, 17 with HF RT producing an early survival result intermediate between the combined modality 



arm and standard RT, with one-year survival rates of 59% versus 51% versus 46%, respectively.

Continuous hyperfractionated accelerated radiation therapy (CHART) is a regimen that tested the hypothesis that tumor cell repopulation is an important cause of 
failure in conventional RT. To counteract repopulation, a continuous treatment regimen was designed, delivering 1.5 Gy three times per day on every day, including 
Saturday and Sunday, to a total dose of 54.0 Gy. An interval of at least 6 hours was maintained between RT fractions to avoid late toxicity in slowly repairing tissue, 
such as spinal cord. Preliminary results of a randomized trial 18 comparing CHART versus standard RT to 66.0 Gy in 563 patients with good performance LA-NSCLC 
has been published recently. With a minimum potential follow-up of 2 years, there was a significant improvement in survival for the CHART-treated patients over 
conventionally treated patients (30% versus 20%, p = 0.006). The incidence of acute esophagitis was higher in the CHART arm (49% versus 19%), but it subsided 
quickly in both arms and without apparent chronic sequelae. Although these results are exciting, longer observation is necessary before drawing final conclusions.

In the United States, thrice-daily RT was tested in the RTOG 92-05 trial (1.1 Gy TID, 5 days a week, to 79.2 Gy). Results of this study are pending. An ECOG pilot 
study was also completed,19 in which 1.5 Gy was delivered three times daily to a total dose of 57.6 Gy in 30 patients, with a one-year survival rate of 63%, which has 
provided the basis for a larger trial to assess the true efficacy of such a regimen.

ROLE OF RT IN SYMPTOMATIC CONTROL

For patients with known extrathoracic metastases, poor performance status, or intrathoracic disease not amenable to aggressive, full-dose irradiation, thoracic RT can 
still provide rapid and durable relief of several life-threatening or distressing symptoms. Intrathoracic symptoms palliated by thoracic RT in more than 80% of patients 
include hemoptysis, tumor-related pain, and superior vena cava obstruction. Cough and dyspnea are palliated in about two-thirds of patients, and atelectasis and 
vocal cord paralysis are improved in a smaller number of cases (23% and 6%, respectively). 20,21 and 22 A total symptomatic relief can be accomplished in 61% of 
patients.20 It is important to note that comparative information regarding the ability of multiagent chemotherapy to palliate these symptoms is limited.

The optimal RT dose/fractionation schedule for palliation of intrathoracic symptoms is unsettled. Although most practicing radiation oncologists would agree that a 
six-week course of treatment is unnecessarily protracted for patients with known distant metastases, there is also concern that more accelerated courses may produce 
more severe treatment-related esophagitis. A randomized trial conducted by the Medical Research Council compared two RT fractionation schemes for 509 such 
patients: 39 Gy in thirteen daily fractions versus 17 Gy in two weekly 8.5 Gy fractions. 23 The symptoms were more rapidly palliated by the shorter regimen, and 
esophagitis was shorter lasting (6.5 days) in the two-fraction regimen than in the 13-fraction regimen (14 days).

PATIENT SELECTION

One of the observations derived from the RTOG 73-01 3 was a better treatment outcome (at 2 years) for patients with a favorable performance status (Karnofsky index 
of more than 70). Since then a body of evidence has been accumulated, attesting to the need to identify different prognostic groups within all patients with LA-NSCLC. 
A large group of patients (1,052) with locally advanced or metastatic NSCLC treated with cisplatinum-based chemotherapy by the European Lung Cancer Working 
Party was analyzed with regard to the prognostic factors for survival, using univariate and multivariate methods. 24 Among 16 pretreatment variables, a limited disease 
extent, good Karnofsky performance status, normal leukocyte and neutrophil counts, normal serum calcium, absence of skin metastases, age less than 60, and female 
gender were all associated with a significantly improved survival. After application of recursive partitioning algorithm and amalgation algorithm, four subgroups of 
patients were identified, heterogeneous for survival. The best group included limited-disease females with Karnofsky index of at least 80, and these women had an 
MST of 14.1 months. The least favorable group were those patients with disseminated disease, abnormal leukocyte count, and poor Karnofsky index, and they had an 
MST of 3.3 months. A thorough knowledge of differences in outcome is essential for the proper design of therapeutic trials because an effective treatment applied to 
the a priori unfavorable group of patients may result in an erronous conclusion regarding the likelihood of treatment benefit.

COMBINED MODALITY STUDIES: CHEMOTHERAPY AND STANDARD FRACTIONATED RT

Because most patients with LA-NSCLC have metastatic disease at the time of their death,3 the testing of systemic therapy in their management was a logical step. 
Several prospective randomized trials have been conducted to examine the role of chemotherapy in NSCLC, in addition to thoracic RT, with varying conclusions. 
Dillman et al. [Cancer and Leukemia Group B (CALGB) 8433]25 reported an MST of 13.7 months for patients receiving sequential treatment: induction chemotherapy 
with vinblastine/cisplatin for two cycles followed by 60.0 Gy standard fractionated RT, in comparison to 9.6 months for those receiving 60.0 Gy alone (p = 0.012). A 
seven-year follow-up report26 confirmed a long-term improved survival rate for chemotherapy/RT-treated patients. It is crucial to emphasize that only favorable 
prognosis patients were eligible for the CALGB study; that is, those with minimal, if any, weight loss (maximum of 5%) and a Karnofsky score of at least 70.

Schaake-Koning et al. [European Organization of Research in the Treatment of Cancer (EORTC) 08844] 27 reported that concurrent chemoradiation provides a 
statistically significant survival benefit over RT alone using a schedule of low-dose daily cisplatin or weekly cisplatin during RT. Although a survival benefit over TRT 
alone was observed in the low-dose daily cisplatin arm advantage (three-year survival rate of 16% versus 2%; p = 0.009), the weekly schedule did not provide a 
statistically significant benefit. The survival benefit of daily combined treatment appeared to be caused by improved control of local disease (p = 0.003).

LeChevalier et al. [French Multicenter Trial, CEBI 138] 6 reported results similar to those of the Dillman trial but in 353 patients: 12-months MST for chemoradiotherapy 
versus 10 months for TRT alone. The relative risk of death was 1.2 for the radiotherapy arm compared to that of the chemoradiation arm. The metastasis rate was 
significantly lower in the combined modality arm (p < 0.001). Despite employing an RT dose of 65.0 Gy in both treatment arms, local tumor control rates, as evaluated 
at 3 months, were disappointingly low (15% to 17%). Complete remission was indicated in this study by the complete disappearance of all objective tumor shown by 
chest radiograph, and no evidence of new disease shown by optical and histologic examination during fiberoptic bronchoscopy.

In RTOG 88-04,17 30 patients received both induction vinblastine and cisplatin as well as concomitant cisplatin during a standard RT course. Although nearly 30% of 
enrolled patients did not meet the good performance status and minimal weight loss criteria, the survival results were encouraging, with an MST of 16.1 months and 
two-year survival rate of 34%.

Two metaanalyses using data extracted from all published randomized trials comparing RT to RT and cisplatin-based chemotherapy in LA-NSCLC were 
performed.28,29 Although they differ with regard to the methodology used 30 (analysis based on published data versus based on the updated individual patient data), 
they both report a small improvement in survival (absolute benefit of 4% at 2 years and 2% at 5 years, or a lengthening of life by 4 months, or a 13% reduction in the 
risk of death).

In summary, although the observed benefits of chemotherapy in addition to thoracic RT are modest, they offer hope for progress and demonstrate that the role of 
chemotherapy should be further investigated.

COMBINED MODALITY STUDIES: CHEMOTHERAPY AND ALTERED FRACTIONATION RT

The RTOG has completed three phase II trials evaluating concomitant delivery of high-dose cisplatin-based chemotherapy and HF thoracic RT for LA-NSCLC. RTOG 
90-15 enrolled 42 patients to receive immediate hyperfractionated RT (69.6 Gy) and cisplatin/vinblastine. 16 Toxic reactions were primarily hematologic, and MST was 
12.1 months in this unfavorable patient population. Among the 10 most favorable patients in this protocol, the MST was 16 months. In RTOG 91-06, 31 76 patients 
received immediate HF thoracic RT and concomitant cisplatin and oral etoposide. As recently analyzed, the estimated one-year survival rate is 67%, and MST is 19 
months. Grade 4 hematologic toxic reactions in RTOG 91-06 were 43% and 57%, respectively, and were comparable to the 48% rate seen in the induction 
chemotherapy arm of RTOG 88-08; however, grade 3 or worse esophagitis was substantially worse, with a rate of 36% versus 4% in RTOG 88-08. A third phase II 
trial (RTOG 92-04) confirmed the encouraging results of RTOG 91-06 and RTOG 88-04.

Further evidence in support of improved survival with the addition of chemotherapy to HF RT came from the randomized Yugoslavian/Japanese study 32 of 131 
patients, reporting an MST of 14 months for HF RT alone (69.6 Gy) versus 22 months for HF RT and carboplatinum/etoposide chemotherapy, with four-year survival 
rates of 9% versus 23%, respectively. Survival was probably improved as a result of improved local control, which may suggest a radiosensitizing effect of daily 
chemotherapy dosing in that study.

An ongoing RTOG study (94-10) attempts to define the optimal sequencing of chemotherapy in those patients, comparing sequential chemotherapy/RT to concurrent 



chemotherapy/RT and concurrent chemotherapy with HF RT. Using the MST of 13–14 months seen in both the RTOG and CALGB trials with sequential 
cisplatin-based chemoradiation, this trial is powered to detect a 43% improvement in MST based on the 19-month MST in the phase II RTOG trial of concurrent oral 
etoposide, cisplatin, and hyperfractionated RT.

CONFORMAL RADIOTHERAPY

Because the established pathways of the primary lung tumor spread follow the lymphatic flow from the tumor to the hilum, mediastinum, and supraclavicular lymph 
nodes, traditional radiation volumes include the primary lesion, ipsilateral hilum, bilateral mediastinum, and often ipsilateral supraclavicular region. Elective nodal 
irradiation has been commonplace since it was demonstrated that survival of patients treated on RTOG 73-01 who did not receive elective nodal RT was inferior to 
those who did.33 However, there is a recent movement to limit the size of the RT fields to include gross primary and only known nodal disease, as defined by thoracic 
computerized tomography (CT) scans. Because larger RT field sizes have limited total dose and have been related to increased acute and late toxicity, 34,35 and 36 
several investigators have delivered thoracic RT to the gross tumor only, reporting no compromise in locoregional control or survival. 15,37,38 and 39 Although there is 
interest in treating smaller RT volumes in lung cancer, this concept remains a project without firmly established benefits and risks (see also Chapter 48).

Tumor volume definition is improved with three-dimensional (3-D) planning, and doses to critical structures can often be reduced, especially if multiple noncoplanar 
beams are used.40 An ongoing RTOG study is evaluating the feasibility of dose escalation for patients with LA-NSCLC, treated with 3D conformal RT to the gross 
tumor only, without elective nodal irradiation. Maximum doses as high as 77.4–90.3 Gy are being planned, depending on the percentage of the total lung receiving 
more than 20.0 Gy. Such dose escalation is based on pilot experience, 41 correlating the incidence of grade 3 or higher radiation pneumonitis with the percentage 
volume of normal lung to doses exceeding 20.0 Gy. There is also a prospective trial ongoing at the University of Michigan in which total RT doses are also partitioned 
according to the percentage of the entire lung volume receiving 20.0 Gy. Among patients with the lowest percentage of lung receiving 20.0 Gy, the current prescribed 
doses are more than 100.0 Gy.39

FUTURE DIRECTIONS

The prognosis of the vast majority of patients with LA-NSCLC remains poor, and more effective therapeutic approaches need to be investigated, including RT dose 
escalation and novel chemotherapy agents. Identification of prognostic factors may facilitate the design of clinical trials, allowing physicians to limit more aggressive 
and more toxic approaches to the subgroups of patients who may derive benefit from them.

Development of improved staging methods, based not only on radiographic evidence of anatomic organ enlargements (CXR, CT), but also on functional and 
immunologic or molecular techniques, such as immunohistochemical assessment of individual tumor cells in lymph nodes, 42 functional scans (labeled monoclonal 
antibodies; thallium-201 or PET scans), 43,44 and 45 may allow definition of more uniform patient populations with predictable treatment outcomes.

Finally, an international effort to increase participation of adult patients in clinical trials from the current 2% of all patients with cancer to larger percentages would 
allow for a more effective investigation of new therapeutic modalities and a faster establishment of new standards of care.
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Surgery produces better survival than radiotherapy. In 1963, Morrison and colleagues published the results of a prospective trial, conducted between 1954 and 1958 
by the Medical Research Council (MRC), which randomized 58 patients with clinically operable carcinoma of the lung to surgery or radical radiation therapy. 1 Survival 
at four years was seven of 30 (23%) for the surgery patients versus two of 28 (7%) for the radiation therapy patients, which was “almost significant” at the 5% level. 
When only patients with squamous cell carcinoma were considered, excluding cases with anaplastic carcinoma (ten surgery, nine radiation therapy) and two 
otherwise unclassified cases in the radiation therapy group, the survival differences were more pronounced (30% versus 6% at four years) and significant at the p = 
0.05 level. These superior results for surgery were obtained despite the fact that only 17 of the 30 cases randomized to surgery were able to undergo potentially 
curative resections and there were three postoperative deaths in this group, very low resectability, and high postoperative mortality by present standards. “Under the 
conditions in which this trial has been conducted it appears that surgery is the better method for treatment for operable cases of squamous carcinoma of the lung.” 
Some incorrectly assume that radical radiation therapy was of little if any value in the treatment of patients with lung cancer. Equally unsupported is the assertion that 
unresected disease was incurable disease.

Not all patients with resectable tumors, however, are fit candidates for surgery. Other patients adamantly refuse surgery despite its appropriateness as the treatment 
most likely to cure them. Since chronic tobacco abuse ravages the physiologic function of the cardiopulmonary system, and the median age for lung cancer in the 
United States is about 65, many patients with early-stage lung cancers, whose tumors are suitable for resection, are poor operative candidates. Despite marked 
improvements in operative and postoperative management of patients with limited cardiopulmonary reserve, some patients pose too high a risk of immediate 
postoperative complications or chronic respiratory insufficiency for surgery to be feasible.

Over the past several decades many institutions have reported their results using radical radiation therapy for patients with clinically operable non–small cell lung 
cancer (NSCLC). Generally these conclude that radiotherapy represents a valid treatment option for patients medically inoperable or refusing surgery. Some results 
have been sufficiently positive to suggest that thoracic radiotherapy might equal surgery for lung cancer, particularly for elderly patients, warranting a modern direct 
prospective comparative trial. This chapter reviews these series and discusses several points critical to assessment of the proper role of radical radiation therapy for 
patients with stage I-II NSCLC. These include patient selection, patterns of failure, radiation therapy technique, treatment volumes, treatment dose and fractionation, 
and investigational approaches to improved local and systemic control appropriate for this population.

While surgical resection remains the present standard of care for these patients, all standards shift. At the time of the original MRC trial, pneumonectomy was 
considered the appropriate operation for most patients, even those with early-stage disease. Now most of these patients would be treated with lobectomy and even 
less aggressive resections, such as segmentectomy or wedge resection, particularly for patients with compromised cardiopulmonary function. However, a prospective 
trial by the Lung Cancer Study Group, which randomized patients with T1N0M0 NSCLC to lobectomy or lung conserving resection (segmentectomy or nonanatomic 
wedge resection), showed that the more conservative resections were associated with significantly higher rates of overall and local recurrence, and a 50% increase in 
the rate of death with cancer (p=.10). 2 The conservative resections did not reduce acute or late pulmonary morbidity, and thus could not be recommended.

SURGICAL MORTALITY

As shown in Table 46.1, operative mortality rises with both the age of the patient and the extent of resection performed, from 1.3% for patients less than 60 years old 
to 8.1% for patients over 80, and from 1.4% for limited resections to 6.2% for pneumonectomy. 3 The greater mortality for older patients, particularly since these were 
selected as fit for surgery, must be weighed with other factors in the choice of their optimal treatment (see also Chapter 41). Furthermore, these data represent results 
obtained by thoracic surgeons with particular interest and expertise in the management of lung cancer. One might anticipate poorer results for either general or 
cardiothoracic surgeons without special training or experience in lung surger. In one series, 1,538 resections were analyzed; one half of lobectomies and nearly 60% 
of pneumonectomies were performed by general surgeons. Mortality was significantly higher for lobectomies performed by general surgeons rather than thoracic 
surgeons (5.3% versus 3.0%; p less than 0.05), in patients with major comorbidity (43.6% versus 25.4%; p = 0.03) or age over 65 years (7.4% versus 3.5% p less than 
0.05). The number of resections performed differed strikingly, with 70% of general surgeons performing fewer than ten resections per year and 75% of thoracic 
surgeons performing more than ten cases per year. 4 and 5

TABLE 46.1. MORBIDITY OF RESECTION IN PATIENTS WITH LUNG CANCER

Several strategies may be effective in reducing postoperative pulmonary complications in patients at risk. 6 Preoperatively patients should undergo optimization of lung 
function, including smoking cessation for several weeks, treatment of airflow obstruction and infection, when present, and education regarding postoperative lung 
expansion maneuvers. Good postoperative pain control and vigorous attention to lung expansion by methods including deep breathing exercises, incentive 
spirometry, or continuous positive airway pressure are also important. Attention to such details may make the difference between an uncomplicated resection and a 



complicated one, or a patient deemed medically inoperable and one at acceptable risk for resection.

RESULTS OF SURGICAL THERAPY:STAGING BIAS

In comparing the results of surgical and nonsurgical therapy, it is essential to be aware of the potential biases in comparing clinically versus surgically staged patients. 
Patients who receive nonsurgical therapy for stage I-II disease have clinical rather than surgical staging. Ideally, we would want to compare the results of radical 
radiation therapy with the results of radical surgery in a population of similar age, and compare clinical stage to clinical stage rather than clinical stage to pathological 
stage. Such a direct comparison cannot be made without accurate assessment of mediastinal nodes.

Mountain, in his 1986 article describing the data for 3,753 patients on which the International Staging System was based, reported five-year survivals by both clinical 
and surgical stage. The results were markedly better for the surgically staged patients in most TNM subgroups. 7 Despite detailed imaging of the hila and mediastinum 
by CT or MRI, the ability to distinguish between reactively enlarged and metastatic nodes is imperfect, as is the ability to detect metastatic disease in nodes of normal 
size. Inaccuracy results in false-positive and -negative rates of 20% to 30%. While radiographic upstaging does occur, more commonly occult microscopic N1 or N2 
disease occurs, resulting in the surgical upstaging of patients clinically classified as N0. Oda and colleagues have reported a series of patients with peripheral T1 
NSCLC and normal mediastinal nodes by CT. 8 However, microscopic involvement of N1 or N2 nodes occurred in about 15% of patients with squamous cell carcinoma 
and about 25% with adenocarcinoma. These frequencies of occult nodal involvement and surgical upstaging have implications both for attempts to compare surgically 
and nonsurgically staged and treated patients and in determining appropriate target volumes for radiation therapy.

Positron emission tomography (PET) with 18fluorodeoxyglucose (FDG) has been reported to improve the sensitivity and specificity when combined with CT scanning, 
with some investigators reporting better than 90% for these parameters. 9,10,11,12,13 and 14 It remains to be seen how well these results will stand up with more general 
availability of this technology outside of specialized centers. If its accuracy is corroborated, FDG scanning may provide comparability of surgical and nonsurgical 
staging and may obviate the benefit of invasive staging procedures for some patients.

In choosing treatment, it is important to consider both the physician's and the patient's assessment of relative risk and evaluation of short-term and long-term survival. 
McNeil and associates reported a study of 14 patients with operable (stage I-II) NSCLC who had recently undergone treatment (surgery in six, radiation therapy in 
eight).15 Through a structured interview technique, they attempted to elicit preferences for a guarantee of survival at an early date as compared with the likelihood of 
survival at some later time. Their survival model, based on surgical data and the radiation therapy data of Hilton and Smart, 16 was that radiation therapy would yield a 
greater probability of short-term survival, while surgery was more likely to obtain long-term survival. The actual probabilities of survival with surgical and nonsurgical 
therapy, as well as the perioperative mortality used in this study are based on series from the 1950s through the 1970s, and do not reflect results of current treatment. 
Within the limitations of these data, however, the analysis suggested that, while surgery was more likely to be curative for almost all age groups of patients, the 
preference of most patients for early versus later survival probability would lead them to favor radiation therapy. The authors speculated that the phenomenon of 
patients being more risk-averse than their (generally younger and healthier) physicians may be common. The concept that patients may well have different 
preferences regarding early versus late utilities of differing modes of therapy is probably valid, and should be taken into account in making recommendations for the 
individual patient. An updated study using prospective rather than retrospective interviews and using modern estimates of operative mortality and survival with surgery 
or radiation therapy would provide useful information. As lung cancer becomes increasingly a disease of former rather than active smokers and with an increasing 
incidence in women, there may well be shifts in patient preferences for more or less aggressive risks of treatments balanced against potentials for long-term survival. 
In practice, it is essential to introduce the concept of early versus late risks to the patient and help them to make an individually appropriate decision.

OVERVIEW OF TREATMENT RESULTS

Table 46.2 summarizes the results of published series describing results of radical radiation therapy for patients with early-stage NSCLC. There is considerable 
variation in the clinical stages of the patients treated (as well as the techniques used for ascertaining stage), characteristics of the patients ( Table 46.3), and details of 
radiation therapy technique ( Table 46.4). With these cautions, however, several clear conclusions may be reached from these data, which span four decades.

1. Radiation therapy can produce long-term survival in a proportion of these patients, ranging from 6% for ill-staged patients to 42% for patients with T1N0M0 
disease. The variability of staging and treatment technique limit confidence about the exact five-year survival rates. 

TABLE 46.2. RADIATION THERAPY FOR PATIENTS WITH CLINICALLY RESECTABLE NSCLC

TABLE 46.3. RADIATION THERAPY FOR PATIENTS WITH CLINICALLY RESECTABLE NSCLC: CLINICAL CHARACTERISTICS



TABLE 46.4. RADIATION THERAPY FOR PATIENTS WITH CLINICALLY RESECTABLE NSCLC: TECHNICAL DETAILS

2. Survival of patients treated with radical radiation therapy is inferior to that of patients with similar clinical stage selected for surgical resection by either open 
thoracotomy or thoracoscopy. 

3. Local failure within the irradiated volume is frequent, with the best series reporting 30% local failure for T1 lesions, and rising to 70% for T2 lesions. Local failure 
rates following surgery, even with limited resections, are less than 20%. These high local failure rates suggest that the difference in survival between the 
surgical and radiotherapeutic series is not due solely to stage imbalance but reflects in part the inferior local control achieved with the technique and doses of 
radiation therapy used. Improved radiation therapy techniques for target volume delineation, dose delivery, and fractionation may improve local control and 
survival.

PATTERNS OF FAILURE

Determining patterns of failure in patients with lung cancer treated with radiation therapy is essential to improvement of treatment, but these data are frustratingly 
difficult to obtain. Accurate distinction between tumor recurrence and postradiation can be difficult. Patients who develop systemic disease will usually die rapidly, 
often before local recurrence can become apparent. Differing statistical methodologies for reporting failure rates (crude ratio, actuarial risk, competing risk models) 
can produce different apparent rates for the same data. With these caveats in mind, Table 46.5 summarizes the reported patterns of failure for published series 
treating patients with clinical stage I-II NSCLC with irradiation alone. It must be cautioned that these series did not generally specify either how (clinical, radiographic 
for symptomatic sites only, thorough restaging) or when (first failure, site of any failure during the patient's life, autopsy distribution of disease) these failure patterns 
were reported. In the following sections we consider treatment and patient factors that relate to treatment outcome.

TABLE 46.5. RADIATION THERAPY FOR PATIENTS WITH CLINICALLY RESECTABLE NSCLC: PATTERNS OF FAILURE

OPTIMAL DOSE AND FRACTIONATION

A detailed analysis of failure patterns as a function of both stage and radiation dose is found in the series reported by Dosoretz and colleagues. 17 These are valuable 
data, but note that the series was retrospective, spanned a period of eight years, and a wide range of radiation doses was used (from less than 50 to over 70 Gy, 
although the majority of patients (91 of 152) received doses between 60 and 69 Gy). They reported a decrease in local failure with increasing dose; however, this 
decrease is seen only at the highest dose level (over 70 Gy), which was given to fewer than ten patients. Considering all patients in the series, the actuarial risk of 
local failure was 50% for patients receiving under 50 Gy, 57.8% for 50 to 59 Gy, 60.2% for 60 to 69 Gy, and 33.3% for over 70 Gy (p = 0.13). 18 However, only four 
patients were in each of the highest and lowest dose groups. Disease-free survival at 30 months was better for patients receiving doses under 65 Gy, compared with 
60 to 65 Gy both for patients with tumors over 3 cm (90% versus 29%, p = 0.06) and under 5 cm (39% versus 20%, p = 0.02), but not for tumors of intermediate size (p 
= 0.35). With the multiple analyses performed in this study, the likelihood of finding some reasonable correlations by chance is high. In any case, the arguments made 
regarding dose-control relations are more desired than established by the data.

Zhang and associates also reported improved local control and survival with higher radiation doses. 19 Patients receiving 55 to 61 Gy had five-year survival of 27% (six 
of 22) versus 36% (eight of 22) for those receiving 69 to 70 Gy (significance not stated). Local recurrence was seen in eight of 22 (36%) of the low-dose group versus 
four of 22 (18%) of the high-dose group. While the trends are in line with expectation, these numbers are very small. In Ono's and colleagues' series, the number of 
five-year survivors was three of five (60%) for doses over 60 Gy, four of 11 (36%) for 60 to 69 Gy, and ten of 22 (45%) for 70 Gy. 20 Both series are too small for 
establishing either reliable survival or local control rates.

Hayakawa reported slightly better two-year survival for patients receiving ³80 Gy (54%) than for those receiving doses of ³70 Gy (37%) or ³60 Gy, but this apparent 
advantage was lost over the next several years, and the best five-year survival was seen for the 60 to 69 Gy group, which had a five-year survival of 24% versus 8% 
for the ³80 Gy group.21 There was no suggestion of superiority of the 70 to 79 Gy group over the 60 to 69 Gy group at any time interval. The poor late results for the 
high-dose group were attributed to a high incidence (four of 13) of fatal bronchial stenoses in this group. 22 These results correlating dose and survival were for all 
patients in the series, about half of whom had stage IIIA or IIIB disease, and were not reported separately for the stage I and II patients. Kaskowitz and associates 
reported trends favoring improved local control and survival for patients receiving doses ³65 Gy, but these did not reach statistical significance. 23

Hafty and colleagues reported that, in their series of 43 patients, local control and survival was superior for the 11 patients receiving continuous-course RT than for 
the 32 receiving split-course treatment.24 Overall five-year survival for the entire patient group was 21%, while it was 45% for the patients receiving continuous-course 
RT versus 12% for those treated with split course. There was, however, an imbalance in prognostic factors between the two groups, with a higher percentage of 
patients with T1 tumors (36% versus 25%) in the group receiving continuous course radiation therapy. Several other series which have reported excellent survival, 
including those of Noordijk and colleagues and Ono and colleagues, have used split-course treatment for all patients. 20,25 In the U.S., the bias against split-course 
treatment may have resulted in assignment of this technique for patients with poorer expected outcome.

TREATMENT VOLUME

Hayakawa and associates noted a strong inverse correlation between portal size and survival. 21 For patients treated to portals 100 cm2 or less, five-year survival was 
22%, compared to 6% for those with larger portals. These data, however, include patients with stage III disease (78 of the 142) and it is entirely possible that this 
negative correlation simply reflects the use of larger portals for patients with higher-stage disease. Review of other series, however, also shows that some of the most 
favorable results have been obtained with the use of small fields, with the intent to treat the primary tumor but not electively irradiate regional nodes.

In Hafty's and colleagues' series of patients with clinical stage I disease, the mediastinum was treated in about 90% of patients, and the five-year survival was 21%. 24 
By contrast, in Noordijk's and colleagues' series, the mediastinum was not treated, and the five-year survival was 16%. 25 This clinical experience was expanded and 
reported with longer follow-up by Krols and associates, with a similar conclusion questioning the value of elective nodal irradiation. 26 Ono and associates used a 
policy of only local treatment for patients with peripheral tumors, but inclusion of the hilum and mediastinum for patients with “hilar type lung cancer.” 20 The five-year 
survivals for these two groups were five of 12 (42%) for the hilar lesions and 12 of 26 (46%) for the peripheral ones. This may be interpreted as showing either a lack 
of need for elective nodal irradiation or its appropriate benefit for that subgroup requiring it. Of concern, however, was a five of 12 (41%) incidence of fatal radiation 
pneumonitis in the patients treated to the larger fields.

Morita and colleagues reported results somewhat at variance with the other authors, noting a significantly superior rate of complete response and five-year survival for 
patients who received elective hilar/mediastinal irradiation (five-year survival 31.3% versus 14.9%; p = 0.022). 27 The choice of whether or not to give elective 
irradiation was dictated by the patient's cardiopulmonary status and location of the tumor, with elective irradiation more commonly given for upper lobe tumors. The 



authors do not comment whether there was an correlation between tumor size and elective nodal treatment. If elective nodal radiation were more commonly given to 
smaller upper lobe tumors, it could well correlate with better outcome without being its cause.

Sibley has recently reviewed nine published series through 1996 as well as his own data from 1998. 28 Beneficial outcomes, either local control or survival, correlated 
with tumor dose but not with volume treated in the majority of these series. He observed that although treatment only to local fields might be predicted to miss disease 
in about 25% of cases, the observed rate of regional progression after local-only treatment is only about 3% to 7%, suggesting that distant failure, local failure, and 
intercurrent death reduce the clinical magnitude of regional failure and need for regional treatment.

In summary, there are now reasons to suggest that treatment of patients with T1–2N0 lesions to small volumes encompassing the primary tumor without elective nodal 
irradiation may be an appropriate option. It should be recognized that this represents a choice between leaving possible microscopic nodal disease rather than 
undertreating known disease at the primary site. Success of such a strategy will rely on there being a steep dose-control relation in the range of dose escalation 
facilitated by elimination of nodal irradiation. So long as local failure rates are high, the survival benefits to be gained by increasing the treatment volume to include 
suspected subclinical mediastinal disease are likely to be small. The ability of 3D treatment planning to devise effective plans for the delivery of high doses to the 
target volume is hampered as the target volume increases, and a reasonable research strategy will be to escalate doses to a limited target volume. 29,30 and 31 For 
patients with clinical T1–2N1 disease, there are no good data supporting treatment of restricted volumes, and the mediastinum should probably be irradiated in these 
patients.

CONFOUNDING OF SELECTION AND TREATMENT EFFECTS IN CORRELATING DOSE, TREATMENT VOLUME, AND OUTCOME, 
PARTICULARLY LOCAL CONTROL

The attempt to correlate radiation dose and volume with treatment outcomes, particularly local control, must be viewed critically. On basic physics and radiobiologic 
principles, one would expect several correlations:

1. For a tumor of given size, local control will increase with total radiation dose, at least for most of the dose-control curve. There will be little change in control with 
dose at very high or very low rates of local control. 

2. For a given tumor dose, control should decrease as tumor size increases. 
3. Local control requires adequate margins around the tumor volume to account for errors in planned tumor volume, microscopic extensions of tumor, daily 

variation in patient positioning, changes in tumor position with respiration, and patient movement during treatment.

There are, however a number of nonradiobiologic factors which will tend to skew the distribution of tumor doses in patients not randomly assigned to dose, which may 
result in similar apparent correlations without requiring a radiobiologic mechanism:

1. For a tumor of given size, higher doses will tend to be given to patients appearing to have a favorable response to treatment and tolerating treatment well, rather 
than to those who clinically deteriorate during the initial weeks of treatment. Such a policy of higher doses for “good” patients was explicit in the series of 
Hayakawa and may also have been operative in others. 21 

2. In clinically similar patients with tumors of varying size, it is expected that the most aggressive treatment would be given to the patients expected to have a 
chance at a good outcome. With a bias favoring a good outcome for patients with smaller tumors (perhaps also because of their better performance status), they 
would be more likely to receive higher doses. 

3. In this group of patients, selected in part because of their poor pulmonary function, there is a natural desire to spare as much normal lung as possible. Treating 
a small tumor (e.g., a 2 by 2 cm T1 lesion) with a reasonable margin may still result in a tolerable overall field size. As the lesion increases, so does the volume 
of normal lung treated, and, with the lower expectation of control of the large lesion, there may be a tendency to skimp on margins. Thus even for similar nominal 
central axis or 100% isodose line prescribed doses, it is more likely that there will be underdose at the margins of larger rather than smaller tumors.

It is not clear to what extent any of these potential biases occurred in any of these trials, but it is likely that some of the apparent variation in dose-control and 
treatment volume–survival correlations is due to differences in such decisions about treatment. This in no way negates the importance of the radiobiologic principles 
that have been well substantiated in other tumor sites better suited for dose-control analysis (e.g., head and neck).

Martel and colleagues have reviewed the effects of tumor volume on local control and survival in patients with NSCLC treated with definitive radiotherapy using 
three-dimensional treatment planning in a dose escalation trial. 30 For patients with positive lymph nodes, there was no clear correlation between tumor size and 
outcome. For node-negative patients, however, there was a significant survival advantage for patients with tumor volumes less than 200 cc. This volume corresponds 
to a sphere of radius 3.6 cm, that is, a T2 tumor. However T staging poorly reflects the tumor volume, as demonstrated in this study. Within a given T-stage, there 
were wide (more than tenfold) variations in tumor volume. For example, a 2 cm diameter tumor (volume 4.2 cc) involving visceral pleura and a 8 cm tumor (volume 268 
cc) in the lower lobe, without chest wall or mediastinal invasion, would both be considered T2 lesions by the TNM classification, including its most recent 
modifications.7,32,33 For nonsurgical treatments (radiation alone or combined with chemotherapy), a staging system based more explicitly on volume might well be 
superior to the present system, based primarily on surgical therapy. 34 Sculier and associates have analyzed results of a trial, conducted by the European Lung Cancer 
Working Party, of induction chemotherapy followed by either irradiation or further chemotherapy for patients with stage III NSCLC, and found that patients with several 
subgroups of stage group IIIB (T1–2N3 and T4N0–1) had survival similar to that of patients with stage IIIA disease. 35 Their best discriminant of survival came from 
classifying patients as stage IIIB (T3–4N3) or IIIA (all other subgroups of stages IIIA and IIIB), with median survivals of 29 versus 45 weeks (p less than 0.0001). 
These results are intriguing but will require prospective validation in other trials. The major importance of clinical factors other than anatomic stage, such as age, 
weight loss, and performance status must also be kept in mind in comparing series from different institutions. 36

THE MYTH OF ORGAN PRESERVATION—OR, WHY THE LUNG IS NOT LIKE THE BREAST

It has been suggested that the efficacy of radiation therapy in controlling microscopic disease in NSCLC should prompt attempts to conduct lung-conserving therapy 
which would consist of a local excision, by wedge or bronchopulmonary segment, followed by radiation therapy (interstitial or external beam) to the tumor bed. Such 
conservative local surgery would be combined with surgical staging of hilar and mediastinal nodes. The Cancer and Leukemia Group B (CALGB), with the 
participation of the Eastern Cooperative Oncology Group (ECOG), has instituted a phase I-II evaluation of the feasibility of such an approach in patients with T1–2N0 
NSCLC whose cardiac and/or pulmonary function is so poor as to contraindicate lobectomy. If it is shown that such an approach is feasible, the plan is to compare this 
strategy with lung-conserving surgery alone, omitting radiotherapy to the tumor bed (L. Kohman, 1993, personal communication). Such considerations fail to take into 
account that the success of organ conservation therapy, whether of the breast or of the rectum, lies in the ability of the organ in question to tolerate the doses of 
radiation needed to control the suspected microscopic residual disease while maintaining organ function. There is no strong reason to expect that this will hold true for 
the lung. The portion of the lung treated to doses of 50 Gy or so expected to be required to control microscopic residual disease will lose function. Even with careful 
treatment planning and the use of multiple non-coplanar beams, it is not possible to avoid treating some volume of entirely normal lung to doses well above the 30 Gy 
or so which is the limit of lung tolerance.

COMPLICATIONS

Most series have reported good tolerance to radiation therapy in this population ( Table 46.6). The report by Ono and colleagues is an exception. 20 They note that, of 
38 patients, seven developed radiation pneumonitis (diagnostic criteria not specified) which was fatal. This complication was seen in five of 12 (42%) of patients 
whose fields included the primary tumor, hilum, and mediastinum but in only two of 26 (8%) of patients whose treatment volume encompassed only the primary tumor. 
Other series have reported occasional problems with late pulmonary fibrosis, pericarditis, or esophageal stricture, but these have occurred in only about 5% of cases. 
As with surgery, improvements in radiation therapy technique over the years should lead to a reduction in such complications. One review of the toxicity of 
postoperative radiation therapy following pneumonectomy has noted a reduction in complication rates from 18% to 4% and of lethal complications from 12% to 4% 
with a shift from treatment planning with orthogonal radiographs and treatment with 60Co beams to CT based treatment planning and treatment on linear 
accelerators.37



TABLE 46.6. RADIATION THERAPY FOR PATIENTS WITH CLINICALLY RESECTABLE NSCLC: COMPLICATIONS

In planning radiation therapy for these patients, it is important to recognize some of the present deficiencies in our database on dose and volume effects on lung 
tolerance to radiation. Tolerance values derived from data on younger patients treated to partial lung volumes for Hodgkin's disease are not likely to be very 
applicable to this population. The presence of substantial chronic obstructive lung disease in these patients, often with loss of much functioning lung parenchyma, will 
perturb dose distributions. Most reported series have reported dose calculations without correction for lung density, even by a nominal “healthy” lung tissue density 
value such as 0.23 to 0.33. When one considers the often lower actual lung density in these patients, the doses reported, based on no density correction, are likely 
10% to 20% lower than the actual received dose to the tumor. Institutions routinely doing planning using either nominal or individualized lung density corrections 
should keep this in mind and increase their prescribed doses appropriately.

Recent clinical data also suggest that, even when treatment technique and dose are standardized, there is considerable individual variation in the susceptibility to 
radiation-induced lung damage which may have a genetic basis. 38 In animal systems, such genetic differences between strains of mice with low or high incidences of 
fibrosis following radiation or drugs such as bleomycin have been well described and appear to be mediated by different levels of induction of fibrogenic cytokines 
such as TGFb.39,40 (see also Chapter 13).

Another theoretic technical physical consideration comes from the lack of electronic equilibrium in the transition region between low-density tissue such as 
emphysematous lung and a solid tumor nodule or mediastinal lymph node. The result of such disequilibrium is underdosing of the first several millimeters of the tumor 
mass. Attention to this theoretic problem, with phantom modeling studies, has led to the suggestion that high-energy photons (e.g. over 12 MV) should be avoided in 
treatment plans where there will be lung-tumor interfaces. The clinical impact of this factor is that treating patients with bulky stage IIIA and IIIB disease has been 
difficult to measure, and the one study which has examined survival as a function of beam energy has failed to find such a relation. 41 One would not expect this review 
of patients with advanced-stage disease to be a particularly sensitive test, however, and the impact of such dose inhomogeneity would likely be greater in the 
scenario of treating small peripheral lesions surrounded by low-density lung parenchyma. While a general recommendation is difficult to make, it would seem wise to 
use multiple-beam techniques with lower- or moderate-energy photons, if these are available, rather than parallel opposed treatments with higher-energy beams.

Radiation toxicity to the lung depends on the dose and the volume of lung treated. Clinical and radiographic changes appear at doses of 18 to 20 Gy (with 1.8 to 2.0 
Gy fractions) to the whole lung. Higher doses to smaller volumes will produce more severe changes, which appear earlier with higher doses. The precise shape of the 
curve relating irradiated volume, dose, and complication probability is not presently known. Attempts to model this, as well as the more complex yet realistic situation 
wherein differing lung volumes receive differing doses, are essential to the practical implementation of 3D treatment planning systems. 31

In conjunction with the development of more accurate models of dose-volume-complication effects, we need better understanding of the effects of various “standard” 
treatment volumes (e.g. tumor only, tumor plus hilar and/or mediastinal nodes, etc.) on pulmonary function. (see also Chapter 36.) Several groups have attempted to 
do this by measuring baseline pulmonary function by routine flow and volume measurements, and in the case of the Fox Chase group, lung perfusion scans. Curran 
and colleagues reported on measurements made of 165 nonoperative patients (of unspecified stage) and reported that the percent of functioning lung irradiated 
increased from 11.3% ± 4.9% for treatment of the primary tumor plus a 2 cm margin to 31.2% ± 10.2% when the ipsilateral hilum and mediastinum were irradiated as 
well.42 Choi and associates noted relatively small and transient changes in pulmonary function in patients receiving postoperative radiation therapy to the 
mediastinum; however, this may not predict the effects of treatment of parenchymal lesions in patients with marginal pulmonary function. 43 Marks and colleagues have 
developed image correlation methods for combining nuclear medicine delineation of lung function by ventilation and perfusion and CT delineation of lung anatomy, 
and thus quantitate predicted functional loss for various treatment plans. ,44,45 Such techniques have not been widely used in choosing beam arrangements for patients 
with stage I and II lesions but have the potential to maximize sparing of functional lung on an individualized basis.

AVENUES FOR IMPROVEMENT

It is unrealistic to expect that randomized trials will be conducted to define the role of altered radiation fractionation or the addition of chemotherapy to radiation 
therapy in patients with clinical stage I–II NSCLC who are treated with radical radiation therapy. Use of such techniques must be guided by reasonable extrapolation 
from their results in other tumor sites and an understanding of patterns of failure for patients with stage I–II treated with present conventional irradiation.

While systemic failure due to occult metastatic disease is a major problem even in patients with clinical stage I NSCLC, as it is in all of lung cancer, local control has 
also been frustratingly difficult to achieve in these patients. They, more than patients with more advanced disease, are most likely to have a good correlation between 
local control and survival. 46

Altered Fractionation

The RTOG conducted several phase II trials in patients with unresectable NSCLC, investigating both dose response and the role of altered fraction—either BID 
treatment with small fractions and escalating the total dose, or accelerated fractionation with a concomitant boost. The most promising development of these was a 
regimen of 1.2 Gy fractions given twice a day to a total dose of 69.5 Gy (see also Chapter 47). In a sequential phase II trial, this gave a survival which was 
significantly better than standard fractionation for patients with favorable clinical characteristics of minimal weight loss and good performance status. 47 A confirmatory 
phase III trial conducted by the RTOG and ECOG directly compared this regimen with standard daily fractionation to a dose of 60 Gy in 30 fractions over six 
weeks.48,49 The hyperfractionated regimen appeared slightly better than the standard one, but this difference did not reach statistical significance. When local control 
was analyzed, a significant benefit was seen only for peripheral T3 tumors without nodal involvement. A metaanalysis of three randomized trials of hyperfractionated 
RT for NSCLC has suggested a significant improvement in survival, although the total number of patients in these trials was relatively small. 50

In the UK, Saunders and associates have reported promising results with a regimen incorporating TID fractionation and treatment without weekend interruptions 
(continuous hyperfractionated accelerated radiation therapy or CHART) to a dose of 54 Gy in two weeks. 51 On the basis of favorable phase II data, patients with 
unresectable NSCLC, of whom about 80% had squamous histology and about one quarter had early-stage but medically inoperable disease (criteria not specified) 
were randomized to either CHART or conventional once-daily radiation therapy to 60 Gy in six weeks. Results have shown statistically significant improvements in 
local control and survival, at least to four years, favoring the CHART regimen. 52,53

It is likely that further improvement in local control and survival can be achieved by strict attention to completing treatment without undue interruptions. Cox and 
colleagues have analyzed data from three separate RTOG trials and reported that, for the favorable subset of patients described above, survival was significantly 
compromised by delays of overall treatment time.54 No effect was seen in less-favorable patients or in patients receiving total doses less than 69.6 Gy. While it is 
difficult to separate treatment interruption as a cause of bad outcome from treatment interruption as an index of poor patient performance status and underlying tumor 
burden, the results are in line with radiobiologic prediction that even short treatment interruptions may allow significant proliferation of remaining tumor and greatly 
reduce local control. The use of agents which are cytostatic but not particularly cytotoxic (e.g., DMFO or inhibitors of ras prenylation) may be of use in ameliorating 
the harmful effects of treatment protraction.



Combining Radiation and Chemotherapy

The addition of chemotherapy to radiation therapy for patients with NSCLC could improve survival through improvement in local control or reduction in distant 
metastases. While the series which have reported improved survival for patients with stage III disease by treating with induction chemotherapy followed by radiation 
have reported a reduction in distant failure but no improvement in local control, the use of concurrent daily cisplatin during radiation therapy has been reported to 
improve local control and survival in one study, although another study of similar design showed no benefit. 55 The effectiveness of present chemotherapy appears 
restricted to prognostically favorable patients with excellent performance status and minimal weight loss, 56 so its role in the treatment of elderly patients, or patients 
with significant medical problems other than cancer, with medically inoperable stage I–II NSCLC should be explored with some caution. However, several newer, 
less-toxic agents such as vinorelbine can be used even in older and sicker patients, and one recent trial in such a group, the ELVIS (Elderly Lung Vinorelbine Italian 
Study) trial, showed a survival benefit for single-agent chemotherapy when compared with best supportive care. Several trials combining weekly or daily 
chemotherapy with BID radiation for patients with stage III NSCLC have shown significant improvements in local control and survival not limited to favorable 
performance status patients57,58 (see also Chapter 52).

To date, the role of induction chemotherapy has only been tested in some studies in patients with resectable stage I–II NSCLC. However, based on favorable results 
of induction chemotherapy for patients with resectable stage III NSCLC, 59,60 and 61 trials have recently been conducted to demonstrate the feasibility of such 
management of patients with stage Ib, IIa, IIb, and selected IIIa (T3N0) NSCLC prior to a phase III trial which will compare immediate surgery to surgery following 
induction chemotherapy. Based on the results of trials of radiation therapy alone or preceded by induction chemotherapy for patients with stage IIIA/B NSCLC 
showing survival benefits for the combined modality approach, 49,62,63 and 64 it is reasonable (though of unproven benefit) to consider such a sequence in patients with 
medically inoperable stage I and II disease so long as they able to tolerate chemotherapy.

CONCLUSIONS

Surgery remains the preferred treatment for patients with clinical stage I-II NSCLC who are or can be made to be of reasonable operative risk. The role of radiation 
therapy in the management of patients with clinical stage I and II NSCLC is a secondary one. There is little reason to expect radiation alone, or a combination of 
limited surgery and radiation, to replace surgical management for the patient without significant contraindications to surgery. Based on current data, there is little 
reason to consider mounting a trial comparing lobectomy versus limited resection plus radiation for the good-risk patient.

The situation is quite different when we consider the patient whose physiologic age, concurrent medical problems, or preference make him or her a poor surgical 
candidate. Present data lead to the following recommendations:

1. Radical radiation therapy is curative in a worthwhile proportion of these patients, with five-year survivals as high as 40% for patients with clinical stage I disease, 
and should be offered as the present standard of care for patients with medically inoperable stage I-II NSCLC.

2. While there are no prospective trials that address issues of optimal radiation dose, fractionation, and volume, data would suggest the following guidelines:
2.1The primary tumor should receive a dose of at least 65 Gy (as calculated without correction for lung density; make appropriate adjustments if lung corrections are 

used) if conventional fractionation of one daily fraction of 1.8 to 2.0 Gy is used. Exploration of higher total doses and alternatives to once-daily fractionation has 
shown promise and should be continued.

2.2Good results have been reported with both split-course and continuous-fractionation schemes. Some retrospective comparisons have suggested superiority of 
continuous regimens, but such analysis is confounded by the frequent practice of selecting better patients for continuous treatment. In either case, undue 
protraction of treatment time, either by a long-planned split or by frequent or long treatment interruptions for bothersome but not life-threatening acute toxicities 
such as esophagitis is likely to decrease local control. Reduction of target volumes to the known tumor without elective nodal radiation should largely prevent 
significant acute esophagitis and other toxicities, and thus remove the impetus for split-course treatment.,

2.3The appropriate treatment volume remains undefined. Data from the LCSG surgical trial comparing wedge or segmental resection to lobectomy in surgical stage I 
NSCLC suggests that local control and probably survival are decreased by the more conservative resection without any gain in preservation of pulmonary function. 
It is not clear, however, that such a conclusion should be extended to patients with clinical stage I disease, or to those in whom poor pulmonary function is a major 
reason for their avoiding surgical therapy in the first place. Several of the series with the best survival results have used small treatment volumes encompassing 
only areas of known macroscopic disease, with a margin but without elective irradiation of nodal regions of suspect drainage. There is also a suggestion, although 
not universal agreement, that such reduction of target volume will reduce the incidence of pulmonary toxicity. It may well be that, for this patient population, such 
restricted target volumes are most appropriate. The introduction of three-dimensional treatment planning techniques will allow dose escalation and normal tissue 
sparing to a greater degree as the target volume is kept limited. 65,66 At the present time, it seems quite reasonable to treat these patients to restricted target 
volumes without routine prophylactic irradiation of hilar or mediastinal lymph nodes.

3. With current treatment techniques, both local and systemic failure are major causes of treatment failure, and both need to be addressed in order to improve 
treatment outcomes. The advanced age and frequent multiorgan disease in these patients may limit their suitability for treatment with many current 
chemotherapeutic agents, although recent development of less-toxic drug analogues (e.g., carboplatin versus cisplatin) and improvement in management of 
treatment toxicities (e.g., ondansetron for management of nausea and vomiting, hematopoetic growth factors such as G-CSF for amelioration of myelosuppression) 
may make such therapy reasonable for some patients. The frequency of local failure, as well as the possibility of treating limited-target volumes for this patient 
population, make them good potential candidates for applications of altered radiation fractionation schemes, such as dose escalation with hyperfractionation, 
accelerated fractionation, or concurrent boost approaches.

These broad conclusions are fairly consistently reached by the authors of most of the recent treatment series as well as reviews. 28,67 Radical radiation therapy has an 
established position as a potentially curative modality for those patients with stage I and II NSCLC who are medically inoperable and/or refuse surgery, and should be 
offered to them rather than relegating such patients to observation or treatment without curative potential. As both local and systemic failure are common with 
radiation therapy techniques, continued clinical research to improve both components of therapy is needed.
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Of the 170,000 to 180,000 lung cancer cases, approximately 50,000 patients present with locoregionally advanced, nonmetastatic, non-small cell lung cancer 
(NSCLC). This group generally receives definitive radiation therapy. 1 Unfortunately, with standard radiation therapy alone, the overall cure rate is less than 5%. 2 With 
a survival advantage demonstrated from recent sequential chemoradiation trials for these patients, the standard therapy for these patients is two cycles of 
vinblastine-cisplatin chemotherapy followed by 60 Gy external-beam radiation therapy. 3 Despite the small survival gains achieved through this strategy, the overall 
long-term survival remains poor because of an unacceptably high frequency of local and distant failure. The role of radiotherapy is to improve local control. One 
change would be to alter the conventional 1 fraction per day, 5 days per week given over 6 weeks to shorten overall time and deliver multiple daily treatment. We 
address the biologic rationale for such altered fractionation schedules and assess the various manipulations of standard fractionation. Subsequently, we discuss the 
clinical data supporting the role of altered fractionation in the management of locoregionally advanced nonmetastatic NSCLC.

Standard schedules preclude high local failure rate. 3 Data from the Institut Gustave Roussy in Paris indicated that distant metastasis was achieved with combination 
therapy, but local control remained only 8% at 5 years. 4 Improving the control of local disease remains a very high priority. Several clinical trials are currently 
undertaking this mission, either by incorporating surgery into the regimen or by altering the radiotherapeutic strategy by escalating or intensifying the radiation with 
strategies such as hyperfractionation, acceleration, brachytherapy boost, three-dimensional (3-D) conformal techniques, and the use of radiosensitizers.

FRACTIONATION

Biologic Basis for Fractionation

Manipulation of fractionation, or doses per session, for radiation therapy has received considerable attention in recent years. The original observations regarding the 
advantages of fractionating radiation into multiple doses over single doses date back to the early 1900s. 5,6 Current understanding of radiobiologic principles focus on 
tumor division times versus acute and late effects in normal tumors. Indeed, work published in the early 1980s postulated that the more specific modifications of 
dose/fractionation parameters might improve tumor control rates.7,8,9 and 10 These reports clarified a differential radiation repair response between early-responding 
and late-responding tissues. Early-responding tissues, including epithelium of the aerodigestive tract and some tumor types, are not as efficient at repairing damage 
from small radiation doses compared to late-responding normal tissues. The late-responding tissues, such as kidney and spinal cord, efficiently repair radiation 
damage between individual small fractions. Fractionation modifications must recognize this differential tissue repair capacity to radiation, and that late-tissue damage 
is not time-critical but more dependent on size of fractions and interval between fractions. The more common of these altered fractionation strategies are further 
defined.

Fractionation Factors

The four primary fractionation factors are:

Dose per fraction
Total dose
Overall treatment time (for completing the entire radiation schedule)
Interfraction treatment interval

Each of the altered fractionation methods exploits manipulations of one or more of these four primary fractionation factors in an attempt to provide a therapeutic 
advantage. The two most common strategies are referred to as “hyperfractionation” and “acceleration,” and the differences between these are illustrated in Table 
47.1.

TABLE 47.1. COMMON STRATEGIES FOR ALTERED FRACTIONATION

Hyperfractionation

Hyperfractionation requires a reduced fraction size (below 1.4–1.5 Gy per exposure), an increased fraction number, and a modest increase in total dose with minimal 



extension of the overall treatment time. The main benefit of hyperfractionation rests in the sparing of late normal tissue complications. By using an increased number 
of smaller doses (1.0–1.2 Gy) per fraction, late-effect injury is reduced. The increased total dose is safely accomplished by the use of smaller doses per fraction that 
“spare” the late-reacting normal tissues from increased complication rates. The most important predictor of enhanced late radiation morbidity is an increase in the size 
of the radiation fraction. An example of hyperfractionation is provided in Table 47.2.

TABLE 47.2. FRACTIONATION SCHEMES

Acceleration/Accelerated Fractionation

The primary rationale for accelerated fractionation in radiation therapy is to deliver radiotherapy to a tumor cell population dividing more than once in 24 hours and to 
reduce the overall treatment time. This approach limits the surviving tumor cells' repopulation during the radiation treatment course. Tumor cell repopulation during 
treatment increases clonogenic cell number, thereby decreasing tumor control for a given radiation dose. Flow cytometry techniques allow more understanding of 
human tumor kinetics. Cytometric data support the concept of the tumor potential doubling time (T pot). Tpot represents the minimum time it takes for a tumor to double. 
Because cell loss occurs, cell-doubling and volume-doubling are independent, but in situ measurements of Tpot from human biopsy estimate (Tpot) values of 3 to 6 
days. Volume-doubling times (Tvol) for human tumors are commonly on the order of several months (cell loss factor includes processes such as necrosis, exfoliation, 
apoptosis, etc.). Acceleration provides a reduction in the overall treatment time, fraction number, and total dose. An example of treatment acceleration is provided in 
Table 47.2.

Growth Kinetics of Lung Cancer

The data for volume-doubling time of lung cancer comes from patients with solitary lung nodules followed or observed. Two such follow-up trials conducted in the late 
1960s and reported in the early 1970s suggest that radiographic doubling times of asymptomatic solitary nodules range from 30 to 490 days with an approximate 
median volume-doubling time of 120 days.11,12 Unfortunately, the identification of such long volume-doubling times led to the clinical belief that lung cancers do not 
proliferate rapidly. Despite the time measured to double volume, active cell division, cell loss, and opportunities to metastasize occur. Therefore, prolonged courses of 
radiation therapy theoretically would not be detrimental in the management of these patients. As alluded to previously, recent biologic advances have allowed us to 
identify the concept of the tumor potential doubling time, which is a more appealing measure of cellular proliferative activity. Recent studies have confirmed that 
NSCLC proliferates rapidly, with relatively short potential doubling times, with a median of 7 days. 13

Accelerated Hyperfractionation

This common altered fractionation strategy incorporates components of both hyperfractionation and acceleration as defined previously. This amalgamation of features 
from the two primary altered fractionation themes (hyperfractionation and acceleration) exploits both the concept of reduced fraction size to minimize normal tissue 
effects and reduced overall treatment time to diminish the adverse impact of tumor cell repopulation during therapy. Many examples of accelerated hyperfractionation 
exist in clinical cancer therapy, and a representative example is provided in Table 47.2.

Dose Escalation

Dose escalation can be accomplished by altered fractionation that simply employs an increase in the individual fraction size during a course of radiotherapy. A patient 
receiving 2.0 Gy fractions in the initial phase of a treatment course might escalate to 2.5 Gy fractions during the reduced volume boost segment of his or her 
radiotherapy treatment course. An example of this dose escalation concept is provided in Table 47.2. The rationale is to enhance the “dose intensity” during the latter 
segment of treatment, while exposing only the smallest target volume to these higher doses.

Hypofractionation

Despite the sound radiobiologic rationale and promising clinical results with intensified fractionation schedules that exploit the concepts of hyperfractionation and 
acceleration, there remains an important clinical role for hypofractionation in radiation therapy. With this method, significantly fewer radiation fractions are employed, 
with higher doses per fraction, such as 4 Gy times 5 = 20 Gy. Hypofractionation may provide advantages for palliation. For the symptomatic patient with limited overall 
life expectancy, concern about late normal tissue toxicities many months after radiation therapy may be misplaced. Because the late normal tissue effects of radiation 
generally require 9 to 24 months to emerge, the use of hypofractionation may facilitate rapid and efficient treatment completion with effective doses with lesser 
concern over long-term side effects. Daily fractions of between 3 and 8 Gy, depending on the particular setting and anatomic treatment site, may provide rapid, 
cost-effective palliation of pain, bleeding, obstruction, or tumor progression using a brief delivery schedule, which inconveniences the patient less. In some settings, a 
single fraction of 8 Gy may control the symptom complaint for the remainder of the patient's life. For larger treatment volumes, schedules employing 3 to 7 Gy fractions 
over 1- to 3-week schedules may be used to deliver radiation doses with a high biologic effect in light of the large dose per fraction (See example in Table 47.2.)

Split-Course Fractionation

Although split-course radiation fractionation is uncommonly used in the context of curative radiation therapy because of the current understanding of the importance of 
repopulation and tumor proliferation, this method remains a useful method for palliation. *The main disadvantage of split-course radiation is the treatment break 
between two components of the treatment schedule. This break enables accelerated tumor repopulation. The original basis for this strategy was to allow adequate 
repair to be completed in acutely responding normal tissues, reoxygenation of the tumor, and thereby reducing the toxicity of the radiation schedule. Biologically, 
however, this philosophy is not sound because the therapeutic ratio could actually deteriorate as a consequence of tumor repopulation. The strategy is characterized 
by splitting the total radiation course into halves with an interdigitated break lasting several days. The clinical rationale allowed for a field reduction in the second 
portion of the radiation course. It also selected patients who would either progress or deteriorate during the break. These would then not be treated further. The 
biologic rationale for split-course radiation included the expectation that a several-day break would enhance reoxygenation by allowing neovascularization and 
angiogenesis, permit an improvement in the therapeutic ratio by allowing greater normal tissue repair in comparison to tumor repair, and cause redistribution of cells 
from G0 to more sensitive phases in the cell cycle. This method is particularly valuable for bulky, locoregional solid tumors involving the head and neck or lung, for 
which palliation is the primary treatment objective. The brief hypofractionated initial course allows delivery of a moderate radiation dose in large fractions to initiate 
tumor shrinkage. The split-course break is then introduced to prevent brisk acute toxicity and to provide several weeks for tumor shrinkage. The second 
hypofractionated treatment course can thereby be delivered to a smaller treatment volume to maximize the effectiveness and durability of the palliative regimen. (See 
example in Table 47.2.)

Advantages and Disadvantages of Altered Fractionation Strategies

Although the potential radiobiologic advantages of altered fractionation strategies have been well formulated and confirmed in a variety of clinical treatment settings, 
several potential disadvantages are worth considering. The primary advantage for intensified fractionation strategies involves the potential for higher tumor control 



rates, particularly for rapidly proliferating tumors in which radiation therapy plays a dominant treatment role. 15,16and17 The most well-studied histology and anatomic site 
for such altered fractionation approaches involves squamous cell carcinoma of the head and neck. 18 Randomized trials have revealed a reproducible improvement in 
locoregional disease control rates with the use of both hyperfractionation and treatment acceleration strategies. However, one clear consequence of these intensified 
fractionation approaches includes increased acute toxicities that occur with this more rapid accumulation of total dose. Accelerated hyperfractionation schedules 
provide an increased total dose delivered in smaller fractions over a reduced overall treatment time compared to standard therapy. The enhancement of acute 
mucosal toxicity can influence not only the patient's tolerance to therapy, but also the degree of medical assistance that must be provided during and after therapy 
with regard to pain control, nutrition, and subsequent healing processes. For slower growing tumors for which radiation therapy does not play a dominant therapy role, 
the potential advantages of intensified fractionation schedules may be outweighed by the increase in acute toxicity.

Today, split-course radiation is less used in the context of curative radiation because of the concern that treatment interruption may allow tumor proliferation. Although 
significant data regarding the negative impact of treatment interruptions are available from a variety of other epithelial neoplasms such as head and neck carcinoma 
and cancer of the cervix, limited data exist for NSCLC. The best evidence for such a negative outcome results from an analysis of three Radiation Therapy Oncology 
Group (RTOG) studies (8311, 8321 and 8403), where the impact of treatment delay was evaluated. 19 Whereas only 3% of patients in protocols 8321 and 8403 had 
any significant treatment interruptions, 11% of patients on RTOG 8311, a protocol that evaluated hyperfractionation, experienced treatment interruptions. The 
proportion of patients experiencing delay in timely completion increased with total dose. Survival was significantly shortened in those patients whose treatment 
duration was prolonged compared to those treated per protocol. Estimated two- and five-year survival rates were 24% and 10%, respectively, for patients treated 
without interruptions, compared to 13% and 3% for those experiencing treatment interruptions. These data, although possibly influenced by other variables, provide a 
suggestion that prolongation of the treatment schedule may result in accelerated tumor repopulation with subsequent negative impact on survival.

CLINICAL APPLICATION OF ALTERED FRACTIONATION REGIMENS

Split-Course Radiation

Split-course radiotherapy for lung cancer was standard during the 1960s and 1970s. At least five clinical trials tested the split-course concept. 20,21,22,23 and 24 None of 
these randomized clinical trials proved a survival benefit from split-course radiation therapy. Although Holsti and Mattson 20 concluded that split-course was better 
tolerated, and Lee and colleagues21 suggested that this regimen was “more practical,” Levitt's study22 found that more side effects occurred in the group receiving 
split-course radiation therapy than in the group receiving continuous fractionated radiotherapy. In addition, Perez's study 23 reported that local control was superior in 
the 60 Gy continuous arm compared to the 40 Gy split-course arm. In that particular study (RTOG 7301), the intrathoracic failure rate with split-course radiation 
therapy was 44% compared to 33% with the continuous fractionated course. In a more recent trial, Routh and colleagues also could find no survival advantage from 
the split-course schedule, but like Lee suggested that it was associated with lower morbidity. 24 As a consequence of these trials, split-course therapy cannot be 
substituted as standard for NSCLC.

Hypofractionation

This method utilizes fewer radiation fractions but a higher dose per fraction. It has the advantage of efficiency and cost-effectiveness by less use of radiation therapy 
equipment. Additionally, the reduced total number of clinic visits may potentially have a bearing on patient convenience and quality-of-life issues. However, the use of 
large fraction radiation typically has a higher frequency of late toxicity. This method has been less widely utilized in curative lung cancer treatment. In fact, in a trial by 
Pritoli and colleagues, 25 86 patients with NSCLC were randomized to receive weekly fractions of 5.57 or 8.8 Gy to a total dose ranging from 42 to 44 Gy. These 
patients experienced an unusually high rate of late pulmonary (56%) and connective tissue (40%) toxicity. In two other studies, 26,27 no significant increase in late 
toxicity was identified. This outcome however, may be influenced by the paucity of patients alive after 2 to 3 years. Despite toxicity, neither of these two latter studies 
found a survival difference. Slawson and colleagues reported on 120 patients randomized to 60 Gy given by a once-a-week schedule with a single fraction of 5 Gy for 
12 weeks.27 These patients were compared to patients receiving standard fractionated radiation therapy to a total of 60 Gy in 30 fractions over 6 weeks. No 
statistically significant differences in toxicity, response rates, or two-year survival were reported. Although not widely accepted or used, this study raises some 
interesting considerations. Particularly in patients who can be selected on the basis of poor prognostic factors and identified as having very short expected survival, it 
may be reasonable to consider hypofractionated radiation therapy.

Hyperfractionated Radiation Therapy

Hyperfractionation represents a plan that uses multiple daily radiation fractions with smaller than usual radiation doses per fraction within a treatment time of 6 to 7 
weeks. The advantages of this strategy include a potential reduction in long-term tissue toxicity and the possibility of improving the therapeutic ratio by reduced injury 
to late-effect tissues, improving reoxygenation between radiation fractions, and redistributing cells into a more radiosensitive phase (G 2-M-phase).

Pure accelerated fractionation strategies have been extensively tested by the RTOG. Between 1983 and 1987, the RTOG enrolled 848 patients in a phase I/II trial 
where patients were randomized to receive 60, 64.8, 69.6, 74.4, or 79.2 Gy minimum total dose. 28 Two daily fractions of 1.2 Gy each were utilized with a minimum 
four-hour interfraction interval. Overall, no significant differences in either acute or late toxicities were identified in the five arms of the study. In order to evaluate 
possible survival benefit, a subgroup analysis was performed on 350 patients who met the criteria utilized by the Cancer and Leukemia Group B (CALGB) Protocol 
8433. These criteria included a Karnofsky score of ³70 and <6% body weight loss. In this subset analysis from a phase I/II study, those receiving 69.6 Gy had 
significantly improved median (13 months) and two-year survival (29%) (p = 0.02) compared to patients receiving lower total doses. Subsequent to these suggestive 
data, a three-arm prospective randomized trial included a 69.6 hyperfractionated treatment arm. Patients were randomized to the then “standard” radiotherapy, 60 Gy 
in 30 fractions of 2 Gy each, or two cycles of vinblastine-cisplatin chemotherapy preceding 60 Gy, or the hyperfractionated 1.2 Gy twice daily to a total of 69.6 Gy in 6 
weeks. In the initial analysis of this trial, 29 the combination therapy arm verified the principle that chemotherapy improved survival regardless of the radiotherapy-alone 
schedule used. Median survival was 11.4 months for 60 Gy, 12.3 months for hyperfractionated radiotherapy 69.6 Gy, and 13.8 months for the combined modality arm. 
The one-year survival rates for the three arms were 46%, 51%, and 60%. The report by Sause et al. on five-year results shows long-term results poorer than 
long-term results for CALGB3—qualitatively similar but quantitatively different. 29

Accelerated Radiation Therapy

The distinguishing hallmark of accelerated radiotherapeutic regimens is an overall reduction in treatment time with the expectation that this change will overcome 
accelerated tumor repopulation. From a practical perspective, this goal can be achieved and has been tested in patients with NSCLC using two different strategies; 
concomitant boost (field within a field technique) and a combination of multiple daily fractions with increased total daily dose (accelerated hyperfractionation).

Concomitant Boost

The technique of accelerating radiotherapy dose delivery reduces the overall treatment time by 1 to 2 weeks by giving the boost as a second fraction during the 
normal course of standard radiotherapy. Phase I and II studies have been carried out by the RTOG. In the largest such report, 355 patients received 1.8 Gy fractions 
to standard large fields, followed 4 to 6 hours later by a 1.8 Gy boost, given two to three times each week. 30 The total dose was escalated from 63 to 70.2 Gy in 5 
weeks. Although some increase in acute toxicity occurred in the higher dose arm, late toxicities were not enhanced. Median survival remained at 9 months for the 
various cohorts, but in the high-dose arm, one- and two-year survival rates were 44 and 22%, respectively, comparable to what is contemporarily achieved with 
combination therapy. This approach has recently been tested in a randomized fashion by investigators from Taiwan. In a preliminary analysis of their data, they have 
identified improved response rates in the concomitant boost arm compared to the standard radiotherapy arm. Because of limited follow-up, survival data have not 
been analyzed thus far (Sun et al. personal communication, 1999).

Accelerated Hyperfractionation

The second major radiotherapeutic altered fractionation technique that permits an overall decrease in total treatment time is referred to as accelerated 
hyperfractionation and has recently been extensively tested clinically. The biologic basis for this technique stems from the recognition that the potential doubling time 
of lung cancer is relatively short (5 to 7 days). 13 The rapid repopulation from these tumor cells implies loss of effectiveness within a couple weeks of initiation of 
therapy. In order to overcome this loss it would be necessary to considerably shorten the overall treatment time. From a practical standpoint, the easiest way to 
accelerate is to use multiple daily fractions, less than 1.8 to 2.0 Gy each, but with a daily cumulative dose greater than 2.8 to 3.0 Gy, a biologically comparable total 
dose, and a significantly shortened overall treatment duration. This concept, therefore, marries acceleration with hyperfractionation and is known as hyperfractionated 



accelerated radiation therapy (HART). When weekend breaks are eliminated so that no interruption occurs the word “continuous” is added, resulting in the well-known 
acronym CHART.

Clinical trials of CHART in NSCLC were first reported from England by Saunders and Dische. Based on their encouraging preliminary data, a large multicenter 
randomized European trial has been completed. 31 A total dose of 54 Gy was delivered over 12 continuous treatment days at 1.5 Gy twice daily, separated by intervals 
of 6 hours, resulting in an 18-hour treatment day, weekends included. The initial results of this randomized trial demonstrate a significant 10% survival benefit at 2 
years compared to a standard 60 Gy schedule. The odds ratio in favor of the CHART regimen was 0.75, suggesting a 25% decline in the risk of death.

The CHART regimen has not gained popularity in the U.S. because of personnel and logistic constraints demanded by three treatments per day. An alternative, more 
practical regimen, spaced over 15 days, including two weekend breaks, has been piloted by the Eastern Cooperative Oncology Group (ECOG 4593) with a median 
and one-year survival of 13.5 months and 57% respectively. 32 Although a direct comparison of these various trials is not valid, a simple comparison of the various 
combination therapy trials and altered fractionation trials is presented in Table 47.3. These data suggest that the more aggressive treatment, including combination 
therapy and altered fractionation, yield results superior to conventional, once-daily radiotherapy.

TABLE 47.3. SURVIVAL COMPARISON OF SELECTED RADIOTHERAPY, CHEMORADIOTHERAPY, AND ALTERED FRACTIONATION TRIALS

The ECOG HART experience differs from the European CHART trial in that weekend treatment was omitted from the ECOG regimen, resulting in a small prolongation 
in overall treatment time. This prolongation in treatment theoretically predicts a modest loss in local control because of accelerated repopulation. Investigators at 
Wisconsin derived the dose and fractionation regimen for the current trial using the linear-quadratic formula and increased the total dose to compensate for the 
treatment prolongation resulting from weekend breaks. 33 Table 47.4 compares various characteristics and endpoints between the ECOG HART trial and the European 
CHART trial. The ECOG HART trial has a higher percentage of patients with more advanced primary tumors and a greater proportion of N3 patients. The survival from 
both trials warrants further comparative trials. Moreover, the one-year survival in the ECOG trial is comparable to that achieved in several contemporary trials using 
sequential chemotherapy and once-daily radiation therapy. It is also accomplished in a much shorter time frame without the toxicities associated with 
chemotherapy.3,29,34

TABLE 47.4. COMPARISON BETWEEN ECOG 4593 AND CHART

Chemotherapy Plus Altered Fractionation

Based on the principles and results outlined thus far, the logical next step is to test a combination of chemotherapy and altered fractionation. Several such phase I/II 
trials have now been reported and are summarized in Table 47.5. Results with these methods were reported in a North Central Cancer Treatment Group (NCCTG) 
study reported by Shaw et al.35 These investigators treated 23 patients in a pilot of split-course hyperfractionated radiotherapy using 1.5 Gy bid to a total of 30 Gy, 
followed by a two-week break and an additional 30 Gy using a similar schedule. Two cycles of etoposide and cisplatin were given, one with commencement of the first 
radiation session, and the other when the second half of the radiotherapy course was commenced. Although toxicities were considerable, with 26% grade 3 or greater 
acute pneumonitis, the overall median and one- and two-year survival figures were an impressive 26 months and 74% and 51%. 35

TABLE 47.5. CHEMORADIOTHERAPY TRIALS WITH ALTERED FRACTIONATION

The RTOG has tested the 1.2 Gy twice-daily regimen to 69.6 Gy with vinblastine (5 mg/m 2 weekly × 5) and cisplatin (75 mg/m2 on days 1, 29, and 50) in their trial 
90–15. Enhanced acute toxicities were substantial, with 45% grade 4 or greater hematologic and 24% grade 3 or greater esophagitis. The median and one- and 
two-year survival rates were 12.2 months, 54% and 28%. In a subgroup with prognostic features similar to CALGB 8433, these survival figures were 17.5 months and 
60% and 30%.36

These rather excessive toxicities led the RTOG to substitute etoposide for vinblastine because this regimen had previously been tested and better tolerated in SCLC. 
Seventy-nine patients received two cycles of oral etoposide 100 mg/d, intravenous cisplatin 50 mg/m 2 on days 1 and 8 and hyperfractionated radiation therapy to 69.6 



Gy. The median survival for patients comparable to CALGB 8433 was 21 months, with one- and two-year survival figures of 70% and 42% (these values for CALGB 
8433 were 13.7 months and 54% and 26%). Unfortunately, the associated toxicities from this regimen were also substantial, with 57% grade 4 hematologic toxicity, 
53% ³ grade 3 esophagitis, and 25% ³ grade 3 pulmonary toxicity. 37

In a 34-patient phase II trial, the feasibility of combined concurrent hyperfractionated radiotherapy (60 Gy in 48 fractions of 1.25 Gy, twice-daily) and chemotherapy 
consisting of cisplatin (6 mg/m 2 every day of radiotherapy) and vindesine (2.5 mg/m 2 once weekly) was tested. After a three-week rest period, two full cycles of 
cisplatin (120 mg/m2 on weeks 10 and 14) and vindesine (2.5 mg/m2 on weeks 11, 12, and 13) were given. Treatment evaluation with thoracic computed scan, 
bronchoscopy, and bronchial biopsies was performed 3 months after completion of radiation therapy. Failure rates were estimated using a competing risk approach. 
The complete response rate was 50%. Local failure rates at 1 and 3 years were 53% and 56%, respectively. Distant metastases rates at 1 and 3 years were 27% and 
29%. Overall survival rates at 1, 2, and 3 years were 53%, 33%, and 12%, respectively. Severe esophagitis was observed in three patients (9%). Lethal toxicity was 
observed in two patients. This phase II trial confirmed the feasibility of this type of approach and suggested that it may improve local control compared to conventional 
approaches.38

The excess toxicity from combining chemotherapy with altered fractionation has been investigated in a multicenter randomized trial using accelerated radiotherapy 
with or without concurrent carboplatin. One hundred patients with NSCLC were randomized to receive one of four treatments: (arm 1) radiotherapy 60 Gy (2 Gy daily) 
in 30 fractions in 6 weeks; (arm 2) accelerated radiotherapy (2 Gy twice-daily) 60 Gy in 30 fractions in 3 weeks; (arm 3) radiotherapy as in arm 1, plus carboplatin 350 
mg/m2 during weeks 1 and 5 of radiotherapy; (arm 4) radiotherapy as in arm 2, plus carboplatin 350 mg/m 2 during week 1. The median survival for all patients was 
17.1 months, with 33% survival at 2 years. The major toxicities were hematologic and esophageal. Patients receiving carboplatin had more neutropenia (p < 0.0001) 
and thrombocytopenia (p = 0.002) than patients receiving radiotherapy alone, and this reaction was most marked in patients on arm 3. Both carboplatin and 
accelerated radiotherapy caused more severe esophagitis when compared to conventional radiotherapy alone (p = 0.011 and p = 0.0017, respectively). Esophagitis 
was more prolonged in patients having accelerated radiotherapy (p < 0.0001, median duration 3.2 months compared to 1.4 months for patients receiving conventional 
fractionation). Six patients (23%) treated on arm 2 required dilatation of esophageal stricture, one dying with a laryngoesophageal fistula. 39

The first statistically significant survival advantage (median survival 34 versus 77 weeks; p = 0.003) from chemo-hyperfractionated radiotherapy was reported by 
Jeremic in a three-arm randomized trial in the group receiving 100 mg/d carboplatin on days 1 and 2 with 100 mg etoposide on days 1 to 3 of each week during the 
course of radiotherapy (64.8 Gy; 1.2 Gy twice-daily) compared to the same radiation alone. 40 However, both acute and late toxicities were increased with this 
approach. Grade 4 acute toxicities were seen in 2%, 4%, and 11% of patients receiving radiation alone, radiation with weekly chemotherapy, and radiation with 
chemotherapy on alternate weeks, respectively; the late toxicity values were 2%, 4%, and 9%.

Jeremic's group then conducted a subsequent phase III follow-up study with a design change. To investigate the efficacy of concurrent hyperfractionated radiation 
therapy and low-dose daily chemotherapy in stage III NSCLC, 131 patients were randomly treated as follows: group I, 1.2 Gy twice-daily to 69.6 Gy; group II, same 
radiation with 50 mg of carboplatin and 50 mg of etoposide given on each day of radiotherapy. Group II patients had a significantly longer survival time than group I 
patients, with a median survival of 22 versus 14 months and four-year survival rates of 23% versus 9% (p = .021). The median time to local recurrence and four-year 
local recurrence-free survival rate were also significantly higher in group II than in group I (25 versus 20 months and 42% versus 19%, respectively, p = .015). In 
contrast, the distant metastasis-free survival rate did not significantly differ in the two groups. The two groups showed similar incidence of acute and late high grade 
toxicity.40

Further detailed analysis of response, toxicity, and failure patterns in trials combining chemotherapy with radiation either sequentially or concurrently was recently 
conducted and published by Byhardt and colleagues. 40 In this analysis, five completed RTOG trials utilizing either sequential chemotherapy followed by standard 
radiotherapy or sequential and concurrent chemotherapy with standard radiation, or concurrent chemotherapy and hyperfractionated radiation were evaluated. Both 
acute and late toxicities were compared. Patients were divided into three groups. All patients had a Karnofsky score of ³70% and a weight loss of < 5%. Group 1 
included patients receiving sequential chemotherapy followed by standard radiation therapy to 60 Gy in 6 weeks; group 2 included patients who received both 
sequential and concurrent chemotherapy followed by a standard 60 Gy radiation therapy; and group 3 included patients who received concurrent chemotherapy and 
hyperfractionated radiotherapy to a total of 69.6 Gy in 6 weeks. The chemotherapy in all five of the trials utilized cisplatin with either vinblastine or oral etoposide. 
Overall, life-threatening acute toxicities (grade 4/5) were equivalent among the three groups. However, the severe nonhematologic acute toxicities were significantly 
different based on the treatment regimen. Specifically, group 3 patients had a significantly greater incidence of severe acute nonhematologic toxicity (55%) compared 
to group 1 (27%) or group 2 (34%). This result was accounted for in large measure by the severe acute esophagitis rate of 34% in group 3 compared to 1.3% in group 
1 and 6% in group 2 (p < 0.0001). Similarly, although the overall incidence of life-threatening (grade 4/5) late toxicities did not differ by treatment group, the incidence 
of severe late nonhematologic toxicity was higher in both groups 2 (26%) and 3 (28%) compared to group 1 (14%). In large measure, this outcome was accounted for 
not by severe late esophagitis but by severe late lung toxicity, the incidence for which was 10% for group 1, 21% for group 2, and 20% for group 3 (p = 0.033). These 
data therefore provide a substantial database, suggesting that concurrent chemotherapy and hyperfractionated radiotherapy carry a significantly higher incidence of 
not only acute esophageal toxicity but also enhanced late pulmonary toxicity.

Despite the encouraging aspects of the results from Jeremic's trials, further supportive evidence is necessary before combination chemo-altered fractionation 
radiotherapy can be recommended outside a protocol context. The RTOG has initiated an important three-arm randomized trial (RTOG 94-10) comparing sequential 
chemoradiotherapy to concurrent chemoradiotherapy in one experimental arm and concurrent chemoradiotherapy with twice-daily radiation in the other arm; results of 
this trial are eagerly awaited.

CONCLUSIONS

Early therapeutic strategies assumed that local control was of paramount significance in leading to cure of lung cancer. High rates of local control could be achieved 
with conventional fractionation radiotherapy to 60 Gy. Chemotherapy of the 1970s was minimally active, without impact on micrometastatic disease or survival. 
However, randomized induction chemoradiotherapy trials demonstrated a small but measurable survival gain, resulting from increased control of metastatic disease 
and some improvement in locoregional control. Contemporaneously, better assessment of local control by bronchoscopy indicated that radiographic evaluation 
overestimated local control rates, which really were only 8%. This realization leads to renewed efforts at controlling the disease locally. Altered fractionation, which 
has effects on local disease and normal tissues within the target volume, demonstrates statistically significant and meaningful survival benefit. Combinations of 
chemotherapy and altered fractionation therefore represent a “new frontier,” and although it is too soon to judge its overall impact, this strategy has certainly resulted 
both in increased toxicity as well as improved survival in preliminary reports. The formidable toxicity needs to be addressed, perhaps with volume reduction or 
chemotherapy choices.

Are we reaching a therapeutic ceiling?Table 47.6 provides the acute grade 3 and 4 esophagitis rates from various aggressive combination chemotherapy plus 
hyperfractionated radiotherapy trials. With conventional sequential chemoradiotherapy strategies, the rate of severe esophagitis is usually below 5%, but with the 
aggressive strategies, the incidence rises to 24% to 53%. Future progress in this disease must balance toxicities with outcome, measured not just in survival terms, 
but also as it pertains to quality-of-life. The societal impact, particularly cost-effectiveness, will become a critical question. For example, how justifiable is it to treat the 
majority of advanced, nonmetastatic lung cancer patients with poor prognostic features with aggressive therapies when they have been excluded from the randomized 
trials? Even if the hyperfractionation results hold up as being equivalent to survival with combination therapy, it may not be useful if toxicity is too high. The 
provocative benefits of altered fraction schemes require proof from randomized phase III trials. One such study is the prospective randomized phase III ECOG trial 
(ECOG E2597), in which patients receive two cycles of carboplatin and taxol followed by a randomization to once-daily radiation therapy to 64 Gy, or thrice-daily 
radiation therapy to 57.6 Gy as piloted in the ECOG HART regimen. Collective and collaborative clinical trial effort will answer such questions.



TABLE 47.6. ACUTE SEVERE ESOPHAGITIS IN LUNG CANCER TRIALS

A few intensified fractionation regimens, which incorporate a split-course design, are delivered with curative intent. The most well studied is the CC Wang accelerated hyperfractionation split-course 
schedule for head and neck cancer, which uses a 1.6 Gy twice-daily fractionation and provides a 10 to 14-day mid-course break to allow healing of the intense mucosal reactions. 14
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Radiation therapy remains a cornerstone of therapy for lung cancer. With the emergence of specialized volumetric three-dimensional radiation therapy planning and 
treatment systems (3DRTP), the potential benefits for lung cancer were quickly realized. 1 These benefits included (a) better localization of the tumor target(s), (b) 
improved ability to assess and potentially reduce normal tissue toxicity, and (c) increased tumoricidal doses of radiation to the tumor target(s). This chapter reviews 
the progress that has been made in the last decade in achieving these goals and the emerging issues in 3D radiation therapy for lung cancer.

BACKGROUND

The “standard of care” for the dose, volume, and beam arrangements for the treatment of non–small cell lung cancer (NSCLC) was established by the Radiation 
Therapy Oncology Group (RTOG) dose-escalation trial 7301. 2 In this study, 375 patients were randomly assigned to receive either 40 Gy in 4 weeks with a 2-week 
break (split-course), 40 Gy in 4 weeks, 50 Gy in 5 weeks, or 60 Gy in 6 weeks. The complete and partial response rates (as assessed clinically and radiographically) 
were 48% in patients treated with 40 Gy, 53% in those treated with 50 Gy, and 56% in those receiving 60 Gy. The incidence of local failure (also evaluated clinically) 
was lower in patients treated with 60 Gy (33%) than in those receiving 50 Gy (39%) or 40 Gy (44% to 49%). Perez and co-workers 3 reported that irradiation technique 
clearly affected results. Patients with major deviation from protocol compliance had poorer response rates and decreased survival. In this protocol, large volumes of 
the chest and regional lymphatics were included in the treatment volume. The electively irradiated areas included both hila, bilateral regions of the mediastinum, 
bilateral supraclavicular areas, and 5 to 8 cm below the carina of the inferior mediastinum. Despite a modest improvement at 3 years, by 5 years the overall survival 
was approximately 5%.

In the early 1990s the results of several large randomized trials reported increased survival with the addition of cisplatin-based chemotherapy. 4,5 and 6 Each of these 
trials utilized conventional radiation therapy and delivered 40 to 50 Gy to the elective nodal regions and 60 to 65 Gy to the gross disease. Despite the modest 
improvement demonstrated in these trials, there remains much room for improvement. Long-term survival is still only 8% to 14%. 4,6 LeChevalier and co-workers5 
reported a decreased metastatic incidence, but both arms had a local control rate of only 15% to 17% when evaluated by bronchoscopy and biopsy at 3 months and 
10% at 2 years after completion of therapy. These results are considerably lower than the local control rates of 40% to 60% reported by soft clinical evaluation. 2,3 
Perhaps contributing to poor local control was the uncertainty of target delineation and localization. Dillman and associates reported that a retrospective quality 
control review identified 23% of cases in which portal films failed to completely encompass the tumor. 4 In addition, lung cancers are usually quite large at 
presentation. It is the norm to have bulky tumors measuring greater than 2 to 5 cm. From basic principles advocated by Fletcher, it is thought that doses up to 100 Gy 
may be necessary to sterilize the size of tumors often treated in bronchogenic carcinoma. 7

Further attempts at dose escalation were carried out in the RTOG prospective hyperfractionation trial 8301. 8 Fractions of 1.2 Gy were administered twice daily, and 
patients were dose-escalated through 60 Gy, 64.8 Gy, 69.6 Gy, 74.4 Gy, and 79.2 Gy. Among the 519 patients, 248 were considered favorable (absence of weight 
loss and a Karnofsky performance status of 70 to 100). Although no significant difference in disease-free survival was found in the unfavorable patients among the 
five arms, among the favorable patients a survival benefit was seen at the 69.6 Gy dose level but not higher. The reasons for this outcome have never been fully 
elucidated, although a higher incidence of high-grade pneumonitis was seen in the higher dose arms of the study.

This result suggested that indiscriminate dose escalation, without knowledge of dose and volume effects to the surrounding lungs may have a deleterious effect on 
survival. It is well known that the lungs are exquisitely sensitive to the damaging effects of radiation, resulting in a significant chance for injury, including acute 
pneumonitis and symptomatic pulmonary fibrosis.9,10 What is less well understood or quantitated is the impact of radiation lung damage on long-term survival.

From the previous discussion, it is apparent that efficacy and toxicity are significantly impacted by volume of tumors treated. 3DRTP may impact on these issues. 
Thus the primary goals of 3DRTP have been as follows: (a) evaluation and reduction of pulmonary (and possibly other) sequelae, and (b) improved precision and 
targeting of tumor with dose escalation to improve local control and subsequently overall survival.

THREE-DIMENSIONAL RADIATION THERAPY PLANNING FOR NSCLC

In order to realize the full potential of 3DRTP, all components of such planning must be utilized. Using specific components (i.e., beam's-eye view or limited cuts of 
computed tomography [CT] data solely) does not constitute 3D therapy. Tumor and target definition using full 3D volume techniques, virtual simulation, 3D dose 
calculation, and dose-volume histogram plan evaluation are all critical components to successful 3D therapy for NSCLC.

Defining the Target: Aquisition, Immobilization, Views, and Displays

The initiation of 3D radiotherapy is accomplished with the aquisition of the CT data set. The thoracic data set must include not only the entire volume of the tumor but 
also the complete lung volume. Many institutions have found it important to also included the entire volumes of the brachial plexi (base of neck), the heart, and the 
liver. If organs are not included in their entirety, then they are potentially inadvertently treated (when noncoplanar beams are utilized and regions not scanned or 
contoured are irradiated through the entrance or exit of beams), and/or the volumetric analysis and dose-volume histograms (DVHs) are meaningless because of lack 
of the full volume information of the organ.

At Washington University, patients are “immobilized” in the supine position using an alpha cradle device with the arms comfortably and securely positioned above the 
head (Figure 48.1). Multiple laser markings on the anterior and lateral aspect of the patient's thorax, arms, and hips help reproducibly set up the patient on a 
day-to-day basis and move the patient from scanner to simulator to treatment machine. CT slices of 2 to 5 mm thickness are obtained from the level of the patient's 
larynx through the entire liver ( Figure 48.2). This results, on average, in 70 to 120 CT slices, each of which usually requires approximately 0.5 GByte of storage. 
Although such thin CT slices through regions not harboring tumor are rarely needed, the quality of the digitally reconstructed images (DRRs) is much enhanced by 
thinner cut and greater number of CT slices. At Washington University, radio-opaque markers are placed on the patient's skin anteriorly and laterally at the time of CT 
scanning to establish the coordinate system (initial isocenter), which is also used as a reference for the CT and verification simulation. To facilitate the registration of 
the CT and verification simulation, as well as in some cases the verification port films, DRRs with bony anatomy enhanced are printed out in the anteropostero and 
lateral beam orientations at isocenter. All movements of the isocenter during planning are made relative to the original isocenter, which is directly translated to the 
patient's reference marks.



FIGURE 48.1. Lung cancer patient, immobilized using alpha cradle. Note multiple laser setup points to ensure reproducible setup.

FIGURE 48.2. Scout view of lung cancer patient's three-dimensional (3D) computerized tomography (CT) data set.

The next step in treatment planning is to identify targets and normal anatomy on the CT data set. This step, called image segmentation, “divides” the CT data set into 
parts so that anatomic objects of interest and tumor volumes are identified. The skin or external contour is easily identified automatically by threshholding and 
edge-detection algorithms. Delineation of the skin-air boundary is the 3D analogue of the traditional 2D skin contour measurement and is necessary for dose 
calculation. Normal anatomy that should be contoured includes the brachial plexi (labeled ipsilateral and contralateral), the total lung volume (the volume of both 
lungs together), the heart (from its base to the level of the base of the aorta), the esophagus (in its entirety from larynx to gastroesophageal junction), and the liver.

International Commission on Radiation Units (ICRU) 50 defined tumor and treatment targets. 11 The gross tumor volume (GTV) includes all identifiable gross tumor 
(Figure 48.3). It should include the primary tumor as identified by CT. However, CT data are not perfectly accurate in the identification of lung cancer and 
staging.12,13,14 and 15 Other imaging modalities such as magnetic resonance imaging (MRI), endoscopic ultrasound, and/or positron emission tomography (PET) may be 
important in identifying the GTV. It also includes the grossly identifiable regional lymph nodes, such as those abnormally enlarged on CT (short axis greater than 1 
cm),15 those that are mediastinoscopically positive, and possibly those with abnormal metabolic activity identified on PET scanning. Some institutions have found it 
useful to designate the primary disease as GTV1 and the nodal disease as GTV2 (or vice versa). We have not found utility in this approach because all GTV is 
treated to the same dose level at Washington University and on the RTOG dose-escalation trial. However, if in the future different gross disease is treated to different 
dose levels, then it would be helpful to subdivide these categories at the time of target delineation. The clinical target volume (CTV) is that anatomic region(s) thought 
to harbor subclinical or microscopic disease ( Figure 48.4). Institutions have done this in different ways also. Some define a specific 3D margin around the gross 
disease and call this CTV2. Elective nodal regions are called CTV1. Both of these could be lumped together. Because of failure to reach consensus of where the CTV 
is exactly, the RTOG elected not to have a separate CTV and defined the CTV as equal to the GTV.

FIGURE 48.3. Representative gross tumor volume (GTV) on selected CT slices.

FIGURE 48.4. Representative clinical target volume (CTV) on selected CT slices.

Planning target volumes (PTVs) are 3D growth margins around the GTV and/or CTV to account for daily setup variations and patient motion. Because of physiologic 
motion in the chest, the volume of the PTV may be significantly larger than the GTV. Recently, Wong and co-workers demonstrated that breath holding can 
reproducibly “immobilize” targets and lungs between CT scans and presumably treatment sessions. 16 Theoretically, the volume of irradiated lung could be reduced, 
PTV margins could be reduced, and targets could be better localized during treatment with such a device. Such clinical experience and the measured therapeutic gain 
from such an approach is expected to be forthcoming.

After the CT data are segmented, a 3D model of the patient is produced and displayed for treatment planning. Organs and targets may be displayed as wire frames, 



solid surfaces, or with various degrees of opacification ( Fig. 48.5A). The 3D images must be reviewed prior to planning or treatment plan acceptance to ensure that 
organs were contoured correctly, in their entirety, and without image corruption. We have also found it important to ensure at this time that margins for CTV and/or 
PTV are fully 3D. Figure 48.5B actually shows an example where a 3D margin tool was not used, and one can see areas where PTV does not cover the GTV in 
superior 3D.

FIGURE 48.5. A: Lung cancer tumor target and normal organs displayed in “room view.” B: Multiple images of anteropostero (AP) beam for lung cancer treatment. 
Note in the upper-right image that the green contour CTV does not have an adequate margin around the red GTV contour. This is because a 3D margin tool to 
generate the CTV was not used, thus only 2D margins were generated. (See Color Figure 48.5.)

Virtual Simulation

Virtual simulation begins after all targets and normal anatomy are contoured and treatment planning begins. 12,13,14,15,16,17,18,19 and 20 In essence, the concept of virtual 
simulation is that the functions of the physical simulator are emulated by the treatment planning software. The patient in reality goes home, but the planning and 
“simulation” of the patient model proceed. Quite complex and difficult simulations can be planned without the patient present. This method is ultimately more 
comfortable for the patient and often more efficient. The objectives of virtual simulation are to design the treatment apertures (portals) and the beam directions 
(gantry, collimator, and table angles). In most 3D systems, the simulation of the beam arrangement is performed on the 3D model of the patient. At most institutions, 
one of two approaches is taken. The first is the development of “class solutions” (i.e., a four- or five-field approach with beams AP/PA to spinal cord tolerance and 
then off cord oblique fields to the desired tumor dose). This approach is often a good starting point and allows the planner to assess target coverage and irradiation to 
the lungs and other organs to assess the acceptability of this initial plan.

The second approach is for an experienced planner or dosimetrist to utilize the beam's-eye view and develop a unique beam arrangement for any one individual 
patient by avoiding specific normal organs. For example, noncoplanar, non–AP/PA beams may be particularly desirable for a plan specifically designed to avoid the 
heart and minimize the treated lung volume. Beam placement is particularly facilitated with the beam's-eye view. 21 Ideally, treatment angles are found that “separate” 
the tumor from surrounding normal structures (i.e., the beam is angled to treat just the target volume and miss the normal structures). Figure 48.6 shows a beam's-eye 
view of a field defined with multileaf collimation around a target volume.

FIGURE 48.6. Beam's eye view of tumor with port defined by multileaf colimation. (See Color Figure 48.6.)

A feature called “autoblocking” is a time-saving tool that allows the planner to choose a specific margin desired around a target and have the block automatically 
conform to the target and the leaf position numerically and positionally specified. The virtual simulator records and reports all the necessary simulation data, including 
beam names, energy of beams, table, gantry and collimator positions, isocenter location, and any beam modifiers. The display of such data is often facilitated by 
multiple images and views of the plan (Figure 48.7). Axial, coronal, and saggital displays, as well as room view display and an opaque view of the patient's skin and 
the surface appearance of the entrance portal are all often useful in evaluating the virtual simulation process. Most systems also have an icon that displays the 
position of the gantry and the table to conceptually show their position. Some systems have implemented formal collision prevention components into their software to 
avoid the development of plans that are not implementable or dangerous to the patient or the equipment.

FIGURE 48.7. A, B: Multiple images used in 3D plan evaluation, including “room view,” beam's eye view, axial, and saggital views. (See Color Figure 48.7 A, Color 
Figure 48.7 B.)

Dose Calculation

Technically, in some systems it may be difficult to separate the process of virtual simulation and dose calculation, so the process of dose calculation and subsequent 
beam angle and shape readjustment is usually an integral part of the 3D treatment planning. The dose is calculated and displayed on the 3D model. Isodose displays 
are usually color-coded and can be isodose “nets” or wireframes or color wash displays of dose ( Figure 48.8A,Figure 48.8B,Figure 48.8C). Dose may be calculated 
with a variety of algorithms. It is imperative for the planners and evaluators to understand the strengths and weaknesses of their particular system's dose calculation 
algorithm. In the near past, the dose calculation methods used in planning systems were based on parameterizing dose distributions measured in water phantoms 



under standard conditions and applying correction factors to the beam representations for the nonuniform surface contour of the patient or the obliquity of the beam, 
tissue heterogeneities, and beam modifiers such as blocks, wedges, and compensator. However, more advanced models have now been developed that compute the 
dose more from first principles and that use only a limited set of measurements to obtain a better fit of the model. 22 These 3DRTP methods utilize convolution energy 
deposition kernels that describe the distribution of dose about a single primary photon interaction site.

FIGURE 48.8. A,B,C: Various images depicting isodose coverage and various dose levels in 3D. (See Color Figure 48.8 A, Color Figure 48.8 B, Color Figure 48.8 C.)

In addition to describing how scattered photons contribute to dose absorbed at some distance away from the interaction site of primary photons, the convolution 
kernels take into account charged particle transport. This information can be used to compute dose in electronic disequilibrium situations such as in the buildup 
regions and in the beam penumbra. Therefore, depending on the user's age and development of their treatment planning system, dose may be calculated with simple 
pencil beam algorithms, with or without heterogeneity, with Clarkson-type irregular field calculations, and/or with scatter effects of blocks and other beam modifiers. A 
simple example of how this ability may affect planning is that if scatter of penumbra effects are not taken into account in dose calculation algorithm, then the planner 
must realize that block edges must be wider than the target by approximately 7 to 10 mm or greater. This will not necessarily be appropriately displayed in the target 
DVHs. There may be significant differences in target coverage and normal organ partial volume irradiation depending on whether heterogeneity corrections are 
applied or not. The reader is cautioned to be thoroughly acquainted with their own 3D system dose calculation engine.

In the future, Monte Carlo simulations are expected to be the preferred method for 3DRTP dose computation. As the price/performance ratio of computer workstations 
continues to decrease, this type of dose calculation may be practical in the near future.

Plan Optimization and Evaluation

The optimization of a treatment plan currently involves an expert planner and allows for modification of the beam direction, beam shape, beam weights, and beam 
modifiers. Rapid calculation and recalculation and display of dose distributions allow the planner to make incremental improvements in plans.

The “optimal” plan must achieve the following goals:

1. The tumor target(s) treated to sufficiently high (prescription) dose. For most 3D institutions this is 70 Gy or greater. Although in the past the uniformity of dose 
across the tumor was thought to be a desirable goal, this theory has recently been called into question. Theoretical models suggest that even partial target 
volume irradiation may result in improved outcome. 23 Prior to 3D treatment systems and accurate dose calculation algorithms, there was little way to test this 
hypothesis. Graham and co-workers presented preliminary clinical data for NSCLC patients suggesting that maximum tumor target doses of greater than 79 Gy 
resulted in improved survival for patients with low-volume tumors (GTV less than 113 cc). 24

2. The volume of irradiated lung must be kept sufficiently low. Experience with what constituted acceptable levels of lung irradiation is presented later in this 
chapter.

3. Radiation dose to other nearby organs, such as esophagus, heart, and brachial plexi, must also be kept minimal. There are few clinical data on what the partial 
volume tolerance doses for these organs are using 3D data.

The development of dose volume histograms (DVHs) has greatly facilitated the objective plan evaluation and the consolidation of vast amounts of data depicted in the 
isodose displays.25 At present, nothing has replaced the isodose display and “room view” displays for the spatial dose information regarding, but DVHs allow a 
planner to rapidly assess the adequacy, uniformity, and target dose coverage as well as the potential tolerability of nonuniform normal organ radiation treatment. Each 
contoured target and organ have a separate DVH. Many systems automatically report specific dose statistics from the DVH, such as minimum, mean, and maximum 
doses with the structure and the percent of the organ exceeding various threshold dose levels. Typical DVHs depict dose on the x-axis and volume (in absolute or 
percentage) on the y-axis (Figure 48.9). Traditionally, DVHs of normal organs and targets are depicted in a cumulative fashion. See Figure 48.9, or a DVH showing 
the 22% of the total lung volume received in excess of 20 Gy.

FIGURE 48.9. Dose volume histogram (DVH) of total lung volume. In this case, 22% of the total lung volume exceeded 20 Gy. Thus the V20 was 22%.

It is anticipated that in the future, optimization of plans will be more automated. This goal will require a greater amount of clinical outcomes to be related to DVH data. 
But as this data becomes more available, specific parameters upon which to optimize a plan are utilized. Computerized optimization utilizing normal tissue 
complication probabilities (NTCPs), tumor control probabilities (TCPs), and DVHs and “inverse” planning is used in intensity modulated radiation therapy (IMRT). At 
the time of this writing, little information on IMRT for lung cancer has been published. This lack is probably because of two reasons: (a) concern about the respiratory 
movement during treatment and resultant intensity modulated calculations not reproducibly produced during treatment, and (b) heterogeneity factors (most important 
in the lungs) not reproducibly accounted for in some intensity modulated systems. Pilot planning studies have been reported by Derycke and co-workers. 26 The 
authors reported that certain class solutions utilizing specific TCP and NTCP parameters could be used to optimize lung plans using IMRT for stage III NSCLC 
patients.

Other approaches to optimization of treatment planning include (a) a database of previously designed successful (or acceptable) treatment plans could be used to 
establish a rule-based computer system and used as a template to match the current needs of a given plan. This type of artificial intelligence has not been used very 
much thus far;27 (b) utilization of radiation beams that avoid specific normal structures; 28 or (c) various algebraic methods or objective functions for treatment plan 
optimization.29,30,31,32,33,34,35 and 36



A common mathematic design for an objective function is to minimize the sum of the squares of the errors between the dose desired in each volume element (voxel) of 
the target and normal structures from the dose that would be delivered by a treatment plan condition. The “cost” of not meeting the goal would rise slowly as the 
solution varied from the goal and would then have a more rapid increase in cost as the deviation increased. In this approach the best solution has the minimum “cost.” 
In fact, this quadratic formulation is common in the literature and was utilized in the first release of the NOMOS planning system for IMRT. However, the only 
restriction on objective functions is that they can be characterized mathematically, which means that one is not limited to dose as the only parameterization of 
outcome. Systems using biologic models that incorporate knowledge of dose-volume effects and dose-fractionation effects have been described. 37,38,39,40 and 41 Specific 
attempts to relate such to lung clinical outcomes are discussed later in this chapter.

Unfortunately, each of these approaches suffers from serious drawbacks. There is a significant lack of correlation of 3D dose-volume data to clinical outcomes. Even 
if good dose-volume data become available, it is unclear how to combine all the DVH data from the various targets and normal organs into a single “goodness” of 
plan. Jain and co-workers attempted to develop a figure of merit (FOM) approach to the evaluation of plans. 42,43 and 44 Unfortunately, neither the FOM approach nor the 
inverse calculation techniques can consider such factors as patient preferences, patient desire to minimize complications or maintain quality of life, institutional 
standards or practices, or specific physician beliefs and opinions regarding goals and desired outcomes of a given patient.

CLINICAL EXPERIENCE WITH 3DRTP FOR NSCLC

Treatment Planning Studies

Early studies with 3DRTP were computer-simulated studies comparing 3D with conventional 2D treatment plans for lung cancer. 28,45,46 and 47 In each of these studies, 
the authors demonstrated the improvement in treatment planning by either dose escalation, reduction in dose to surrounding organs, or both. The authors concluded 
that 3D planning potentially improved tumor target delineation and target volume coverage. 28,47 It appeared that traditional beam arrangements were inadequate or 
potentially harmful (in terms of normal lung irradiation effects) in the delivery of target doses of greater than 70 Gy. 46,47

Assessment of Normal Tissue Toxicity

The development of acute pneumonitis is an undesirable and potentially very debilitating or even fatal complication after radiation therapy to the chest ( Chapter 13). 
The doses of radiation that cause either acute radiation pneumonitis or chronic radiation fibrosis have only been partially characterized.

Emami and co-workers gathered data of available literature and published initial estimates of partial volume lung tolerance. 45 The data published normal tissue 
tolerance doses for a 5% (TD5/5) and 50% (TD50/5) chance of a complication occurring by 5 years of uniform irradiation of one-third, two-thirds, and whole lung. The 
TD50/5 for whole lung was 17.5 Gy, for two-thirds of the lung was 30 Gy, and for one-third of the lung was 45 Gy.

Martel and co-workers retrospectively reviewed the 3D DVHs for the lungs of 21 patients with Hodgkin's disease and 42 lung cancer patients with the development of 
acute pneumonitis.48 The authors reported a reasonable prediction for low versus high risk for the development of pneumonitis by dividing the patients into risk groups 
based on the calculation of the effective volume (Veff) of the total lung volume (both lungs together). There were differences in the mean lung dose between patients 
with complications versus no complications for both groups of patients. Patients without the development of acute pneumonitis had mean lung doses of 18 to 21 Gy 
(average doses) versus 24 to 26.1 Gy (average doses) for patients with acute pneumonitis.

A study by Oetzel and coworkers showed good correlation for the pneumonitis risk estimations with observed complication rates for ipsilateral lung DVHs but not 
paired lungs (or total lung volume). 49 Mean lung dose differed somewhat for patients with and without complications (23.8 Gy versus 20.1 Gy). Marks and co-workers 
found that the total lung NTCP was the single best predictor for pulmonary symptoms after irradiation. 50 The V30 (volume receiving ³ 30 Gy) was also a strong 
predictor. Graham et al. reported that the single best predictor of acute pneumonitis was the V20 (volume of total lung receiving ³ 20 Gy), although on univariate 
analysis both Veff and total lung mean dose were also correlated with acute pneumonitis. 51 Kwa et al. pooled the data from five institutions (University of Michigan, 
University of Heidelberg, Washington University, Duke University, and Netherlands Cancer Institute) for a total of 540 patients. 52 Mean lung dose was the only 
dosimetric parameter collected. Increasing mean lung dose correlated well with the increasing pneumonitis rate.

Others have attempted to evaluate local radiation damage and dose-response relationship to the overall volumetric function of the lung. 53,56 Changes in perfusion and 
ventilation pre- and postirradiation was examined, and a dose-effect for local changes were determined. Boersma reported that “overall response parameter” as a 
mean reduction in perfusion over the total lung correlated to the incidence of pneumonitis. 55 Marks investigated whether functional DVHs (fDVHs) resulted in better 
predictions of pneumonitis. 46 These fDVHs were based on pretreatment SPECT perfusion data, and were used to consider local lung function in the design of the 
optimal treatment plan. Unfortunately, there appeared to be too many confounding factors, such as patients with very severe PFTs improving after radiation therapy, 
and the functional DVHs did not result in an improved ability to predict pneumonitis. Further studies at Duke University with biochemical markers such as TGF-b 
showed elevated levels related to increased pulmonary symptoms, although this could not be related to dose or volume dependence, nor when compared with NTCPs 
or V30 was it a strong predictive factor for the development of pneumonitis. 46,56 Another factor not accounted for in the models is the indication that the lower lobes of 
the lungs, or dependent lung bases, are more radiosensitive than the upper lobes. 51,52 However, these may simply be a volume effect, and that irradiation of lower 
lobe tumors results in greater volume of lung irradiation. 51

Graham and co-workers reported the correlation between the V20 and actuarial incidence of £ grade 2 pneumonitis to be very strong (p = 0.001). 61 When the V20 
was less than 22%, the incidence of pneumonitis was 0. When the V20 was 22% to 31%, 32% to 40%, and more than 40% the actuarial incidence of pneumonitis was 
7%, 13%, and 36%, respectively. Graham reported the severity of pneumonitis to also be related to the V20. 61

V20(%)Grade 2(%) Grade 3–5(%)
<22   0   0
22–31   8   0
32–40 13   5 (1 fatal)
>40 19 23 (3 fatal)

Graham also reported the very close relationship between the V20, Veff, and mean lung dose ( Figure 48.10). She reported that from the Washington University data, 
upon multivariate analysis the V20 was the single best predictor of acute pneumonitis. 51

FIGURE 48.10. Close relationship between the V20, Veff, and mean lung dose.



Results of Clinical Trials

The results of single-institution 3D clinical trials for NSCLC are shown in Table 48.1. Because these early trials were before significant dose escalation, the doses 
treated ranged from 60 to 74 Gy. These reports thus represent the results of more standard doses but with the technical support such as BEV and 3D dose 
calculation. One can see that the results appear somewhat better than those from the large chemoradiation trials of the early 1990s. Of course one must be cautious 
about any significant conclusions because these are single-institution trials.

TABLE 48.1. RESULTS OF CLINICAL TRIALS FOR NSCLC USING 3DCRT

Dose-Escalation Trials

The University of Michigan began its dose-escalation trial in 1992. The trial was designed to dose-escalated different patient populations based on their calculated 
risk of pneumonitis. The Veff parameter was chosen to stratify the patients for their risk of pneumonitis. The risk groups were as follows: (a) the lowest risk group had 
a Veff of less than 0.20 Gy; (b) the intermediate risk groups had Veffs of 0.20 to 0.25 Gy, 0.25 to 0.31 Gy, and 0.31 to 0.40 Gy; (c) the highest risk group had a Veff of 
more than 0.40 Gy. As of August 1995, 48 patients had been accrued to the study. 62 Since that time the addition of chemotherapy has been allowed prior to entering 
the study, and in the lowest risk group the administered doses have been as high as 100.8 Gy. To date no acute radiation pneumonitis has been observed in any 
volume or dose group. Other encountered toxicity has been the development of two patients with ³ grade 3 esophagitis. Two patients developed exsanguinating 
hemorrhages (both patients had tumors surrounding the main pulmonary artery). Biopsy-proven radiographic local failures were documented in two patients having 
received 84 Gy tumor dose. Of the 10 patients treated to ³84 Gy, biopsy-proven residual disease or locally recurrent disease occurred in three patients, and three 
patients had complete histologic response on follow-up bronchoscopy. 62

The Memorial Sloan Kettering Cancer Center reported using dose-volume histogram analysis, grade 3 or higher toxicity occurred in 38% of patients receiving greater 
than 30% of their lung volume ³25 Gy versus 4% of patients with less that or equal to 30% of their lung volume ³25 Gy. Pneumonitis was also correlated with the 
NTCP. Their dose-escalation protocol proceeds based on a single-dose escalation schema but limits who may enter the protocol to an NTCP of £20%. 60

The RTOG dose-escalation trial for NSCLC patients stratifies the patients for risk of pneumonitis based on the pretreatment plan V20. The risk groups are less than 
25%, 25% to 37%, and more than 37%.63 Patients have been successfully dose escalated to 83.8 Gy without the development of high-grade acute pneumonitis.

Each of the aforementioned trials has eliminated elective nodal irradiation in an attempt to reduce pulmonary toxicity. This decision was based on the recognition that 
most failures in lung cancer are at the site of gross disease. It is hoped that in this era of combined modality therapy, chemotherapy will reduce the recurrence of 
microscopic disease in the regional lymphatics. It is also recognized that even though the mediastinum is not targeted for the presciption dose, it receives some dose. 
Clearly, portions of the mediastinum and ipsilateral hilum receive varying doses of the entry or exit or scatter dose, depending on their proximity to the gross tumor. 
However, it has been very difficult to quantitate this dose. The issue of elective nodal irradiation is extremely controversial, and the results of the ongoing trials are 
imperative to establish the practice as a standard of care or not. In addition, after the maximum tolerated dose or doses for NSCLC are established, further trials 
comparing 3D therapy to conventional doses and volumes may be necessary to establish a therapeutic advantage. Only in this way will the true value and efficacy of 
3D therapy for lung cancer be confirmed.

SUMMARY

3D radiotherapy for lung cancer has emerged as an important component of therapy for lung cancer. Results of single institutions have given us parameters on which 
to evaluate the risk of acute pneumonitis and thereby stratify patients for dose-escalation studies. Individual planners using 3D planning for NSCLC can use these 
parameters to assess and reduce (by interactive planning) the lung complication rates in patients. Further clinical data correlated for esophagus, heart, soft tissue, 
and late pulmonary sequelae are needed. The value of dose-escalation with combined modality therapy remains to be established. It is anticipated that more 
sophisticated, user-friendly computer-assisted or optimized treatment radiation treatment plans will be used for the treatment of lung cancer in the future.
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BRACHYTHERAPY FOR LUNG CANCER

The treatment of lung cancer by radiation has consisted primarily of the use of external-beam radiation. The use of brachytherapy in the form of manually arranged, 
low-dose-rate afterloaded sources emerged in the early to mid-1980s. It was not until the mid- and late 1980s that high-dose-rate, remote afterloading brachytherapy 
began to be utilized in increasing numbers. At the present time it is the most prevalent means of treating endobronchial disease with brachytherapy in the world. 
Endobronchial brachytherapy, however, has been used primarily for palliation, for new or recurrent disease. The use for curative intent treatment, while performed 
occasionally, is not as prevalent. Even less common is the use of radiation for occult carcinomas of the lung.

Brachytherapy for carcinoma of the lung, for ease of discussion, is categorized into endobronchial/intralumenal (within a lumen) and interstitial (in tissue) techniques. 
Endobronchial/intralumenal treatment is divided into low-, intermediate-, and high-dose-rate applications and refers to the temporary placement of the isotope into the 
tracheobronchial tree. Generally, interstitial implantation most commonly applies to the use of Iodine-125 implanted permanently at the time of surgical resection.

Brachytherapy was probably first used at the close of the nineteenth century when the Curies gave a small radium tube to Danlos for insertion into a malignancy. 
During the next 20 years, Kernan,1 using a rigid bronchoscope, reported the implantation of Radon-222 seeds into carcinomas of the tracheas and bronchus. He 
reported 10 cases treated with Radon-222 seed implantation and diathermy treatment. He commented that, “It was possible to destroy the tumors with diathermy and 
Radon implantation, and there have been no local recurrences as yet, although one case has been followed for 5 years.” During this time, and for the next 10 years, 
work was being performed on standardization of dose calculation and prescription for brachytherapy. The publication of the Manchester System of Patterson, Parker, 
and Meredith (1934) set the foundation for brachytherapy dosimetry. This system was expanded by the manual, Radium Dosage.2 Pool3 reported on Radon-222 used 
at Memorial Hospital in 42 patients implanted between 1936–1960. The implanted seeds were sealed gold capillary tubes filled with Radon-222 gas. The technique 
reported by Pool “proved to benefit patients with primary tracheal tumors, and patients with bronchial stump recurrences following pulmonary resection.” Radon-222 
seed implantation was also used during thoracotomy with the first reported case by Graham and Singer. 4

To decrease the radiation safety problems (potential leakage) with Radon-222, radioactive isotopes of shorter half-life and lower decay energies were sought. 
Afterloading techniques, reducing medical personnel's and patient's exposures, inserted catheters or tubes later filled with live, radiation-emitting sources. Henschke 5 
introduced standardized afterloading techniques with Gold-198 and, subsequently, Iridium-192. With the shorter half-life of Iridium-192 and afterloading techniques, 
interstitial implantation became commonplace in medical use. However, despite this general rapid increase, there were few changes and limited use of brachytherapy 
for carcinoma of the lung. Early transbronchial implantation techniques initially utilizing Radon-222 and then Iodine-125 through the rigid bronchoscope were difficult 
and associated with a considerable expenditure of physician time and effort. By their nature, these were less commonly afterloaded situations, so this fostered lack of 
development and acceptance. With the advent of the flexible bronchoscope, a new flexible applicator system was designed and reported on by Martinez and 
colleagues.6 In addition, Farber and colleagues in an unpublished study in 1986 described a system using Gold-198 with a flexible bronchoscope system.

The use of intraluminal brachytherapy, the placement of an afterloading flexible applicator bronchoscopically, was first reported in the American literature by 
Mendiondo.7 About 1984 the neodymium-YAG laser was introduced into clinical use for treatment of tracheal and endobronchial obstructions for both primary and 
metastatic lung malignancies. This caused a renaissance of interest in intraluminal brachytherapy, now utilizing the afterloading techniques after YAG laser 
photoresection.

Most patients with lung malignancies present with locally advanced or metastatic disease. Unresectable patients, whether or not they undergo an attempted resection, 
have a high risk of subsequent local recurrence. Despite treatment with external beam radiation therapy, doses have been inadequate due to normal tissue limitation, 
so local recurrence remains a problem. In addition, with improved overall survival and local control for inoperable patients treated with combined radiochemotherapy, 
local tumor recurrence remains a problem. This component of local recurrence spurred many clinicians to employ brachytherapy to deliver additional ionizing radiation 
therapy, which concentrates dose to tumor regions and limits dose to sensitive adjacent normal tissue structures.

Brachytherapy provides direct application of radioactive sources to an anatomic site, such as a surgical tumor bed or within a tumor mass. Brachytherapy can be 
performed by implantation of radioactive sources, such as seeds within the tumor mass (interstitial brachytherapy), or by insertion of the radioactive source within the 
lumen of a catheter placed within the surgical bed or tumor mass (intraluminal or endobronchial brachytherapy). Brachytherapy offers the potential advantage of 
providing a high-dose gradient of ionizing radiation that delivers a high dose to the seeded tumor-bearing area and a rapid decrement in dose to the surrounding 
normal structures. This occurs because of the inverse square law of ionizing radiation, which states that the dose of radiation decreases by one divided by the square 
of the distance [R2 = R1/D2].

Brachytherapy for lung malignancies may be placed most commonly as a permanent interstitial or temporary endobronchial radiation source, with remote or manual 
afterloading. Permanent implants are typically low-dose-rate sources of radiation delivered over an infinite period of time (for 1–125 the dose is calculated for 90 days) 
and for placement of individual radioactive sources/seeds within the target (surgical bed) or tumor (mass) volume. Step one is placement of afterloaded catheters at 
the target (surgical bed) or within the tumor site. Temporary or afterloaded implants are placed within the lumen of these catheters. Afterloaded implants can deliver 
either low-intermediate-, or high-dose-rate ionizing radiation at less than 2 Gy per hour (low-dose-rate LDR), 2-12 Gy per hour (intermediate dose rate IDR), or 
greater 2 Gy per minute (high dose rate HDR). A typical afterloading system utilizes hollow catheters and Iridium-192 seeds embedded in nylon ribbon for low dose 
rate, or Iridium-192 sources (10 curie) to be placed within the lumen of the treatment catheters.

TECHNICAL ASPECTS OF REMOTE AFTERLOADING UNITS

Most remote afterloading units utilize high-activity radioactive sources of a small physical size, usually Iridium-192, whose initial activity is 10 curie ( Fig. 49.1). The 
radioactive source is securely attached to the end of a wire cable. This is mechanically driven by a high-precision mechanism that allows for positioning of the 
radioactive source at specific stations within the catheter for specific dwell periods. The translocation of the source between these preassigned stops and times, as 
well as removal of the source out of the catheter into the shielded unit's compartment is rapid to minimize transit time exposure. The treatment sequence for each 



cable/catheter, which defines the various dwell times and dwell positions, is calculated by treatment-planning computers. The plan is executed under the control of an 
external computer, which drives the remote afterloading unit.

FIGURE 49.1. Micro-Selectron-HDR unit. (Courtesy of Nucletron Corporation, Columbia, MD.)

TREATMENT-PLANNING COMPUTER

The basics of dose-calculation techniques require orthogonal radiographs taken after catheter placement with dummy seeds in place to determine catheter position. 
On the simulator radiographs, the seed positions are digitized from the first dwell position at the end of the catheter to the most proximal dwell position in the catheter 
along the dummy source seed line. Next, the treatment target volume is defined by the treating physician. A treatment plan is then formulated, optimizing treatment 
points (dwell positions) and treatment time (dwell times position). This treatment plan is evaluated in the four cardinal directions utilizing isodose lines as well as 
evaluation of the patient's individual anatomy to calculate the final prescription dose and point. New techniques use CAT scans for a better three-dimensional picture.

ENDOBRONCHIAL CATHETERS

A variety of commercial catheters are available for use. Basically, physical characteristics of each catheter must allow for easy placement and removal from the 
endobronchial tree and immobilization within place. The catheters must fit through the biopsy channel of the endoscope and the source-compatible (most commonly 
used 5 or 6 French with a 1.7 or 2 mm internal diameter, respectively) and must be navigable through the scope. Finally, the catheter has a closed end to prevent loss 
of dummy seeds or the active sources.

The patient must be able to satisfactorily tolerate an endobronchial procedure. Then, with a pulmonologist, the catheter can be placed in an endoscopy suite. The 
procedure requires vital sign monitoring, topical anesthesia, and intravenous sedation. By bronchoscopy, the malignant lesion is identified by the pulmonologist and 
radiation oncologist. Photographic documentation and anatomical characteristics of the malignancy are noted, including distance from anatomical landmarks, such as 
bronchial segment branch points and carinae. The extent of the malignant lesion can be further localized utilizing radioopaque markers placed externally on the 
patient's thorax corresponding to the most distal and proximal extent of the malignancy as identified by the bronchoscope and correlated under fluoroscopy. After this 
visual inspection and fluoroscopic confirmation, a guidewire in a catheter is placed through the biopsy channel. Its placement is confirmed visually and 
fluoroscopically. The bronchoscope is removed and, when the catheter is positioned so that the tip is several centimeters distal to the most distal point of the 
malignancy, the proximal end of the catheter is then secured to the nose ( Figure 49.2). The guidewire is removed and replaced by a set of dummy seed sources to 
identify source location for treatment planning and orthogonal simulation films ( Figure 49.3).

FIGURE 49.2. Clinical setting depicting an afterloading brachytherapy catheter. (Courtesy of Nucletron Corporation, Columbia, MD.)

FIGURE 49.3. Patient with an endobronchial afterloading catheter and endobronchial malignancy. (Courtesy of Nucletron Corporation, Columbia, MD.)

TREATMENT FOR DOSE PRESCRIPTION

The prescription depth is measured for the three-dimensional volume by multiple points perpendicular to the axis of the catheter or source train to which the minimum 
target dose is prescribed. The prescriptions that are suggested in the literature range from 0.5–2 cm. To ensure treatment of the entire tumor volume, accommodating 
possible source or tumor movement due to cardiorespiratory, swallowing, and patient movement, the maximal distance from source center to the edge of the 
malignancy or target must be considered as part of three-dimensional brachytherapy planning. A longitudinal margin of approximately 2 cm proximal and distal to the 
malignant margins is commonly used. This margin allows for an effective dose distribution that encompasses the tumor volume without overdosing the tolerance dose 
to bronchial mucosa. The prescription point should be documented for comparative purposes.

Strategies for Treatment of Occult Carcinomas of the Endobronchus

Occult carcinomas of the lung are defined as carcinomas diagnosed by sputum cytology and bronchoscopy using brushings, washings, and/or biopsy. Frequently, 
fewer patients undergo bronchoscopy for cough and/or hemoptysis. These cannot be detected by conventional radiographic means before or immediately after the 



initial diagnosis.

In 1974, Sanderson et al.8 published “Bronchoscopic Localization of Radiographically Occult Lung Cancer.” In 1980, Cortese et al. 9 published their study, 
“Roentgenographically Occult Lung Cancer.” In the same year, Martini and Melamed 10 published “Occult Carcinoma of the Lung.” Initially, the treatment of choice was 
surgery, either lobectomy or pneumonectomy; however, as photodynamic therapy (PDT) and then endobronchial brachytherapy (EBBT) increased, the “menu” of 
treatment modalities increased.

This subpopulation of roentgenographically occult carcinomas of the lung is associated with interesting attributes. First, the time interval from the initial abnormal 
sputum cytology to bronchoscopic confirmation, as reported by the Mayo Lung Project, 9 ranged from 1 to 1,014 days (median, 70 days; 7510 percentile, 169 days). 
Second, the disease is most often Tis, T1, and N0 (Saito et al 11 found that of 94 patients, 17% were Tis and 77% were T1.) Third, most cases are squamous cell 
carcinomas; in a significant number dysplasia initially had been the only finding. 9 Fourth, no findings are apparent on plain radiography or, when available, on 
computerized axial tomography. Fifth, no adverse prognostic factors (i.e., weight loss) that predict lower cure or survival rates exist, and rarely are symptoms 
present.2,3,4,5,6,7,8,9,10,11,12,13,14 and 15 Finally, synchronicity and metachronicity are significant. In a surgical series, Nagamoto et al. 6 reported a rate of 1.09 lesions per 
patient; Kato et al. 17 found 1.21 lesions per patient; and Saito et al. 11 found 1.2 lesions per patient. In the Mayo Lung Project Study, 9 a metachronous rate of 5% per 
year was reported, and in a study by Saito et al. 18 a rate of 0.022 lesions per patient-year was documented. In the latter study, the rate was 0.041 lesions per 
patient-year when synchronous and metachronous tumors were combined.

In this study of Saito et al. 18 if a patient had a second lesion, there was a 47% probability that within 5 years, a third lesion would be identified, at a rate of 0.11 lesions 
per patient-year. The five-year survival rate for patients with a single lesion and no evidence of synchronous or metachronous lesions was 90%. If, however, there 
was more than one other metachronous or synchronous lesion, the five-year survival rate was 59%. Survival is inversely related to probability of multiple lesions.

Other factors associated with successful outcomes include the size of the lesion. Many studies have found that lesions (10 mm in size are associated with the most 
favorable outcomes). In a surgical study of 127 patients, 19 55 patients had lesions of this size, and no metastatic lymph nodes were identified. Of 46 patients with 
lesions more than 10 mm but less than 20 mm, 4 patients (9%) had nodal metastasis. Of 26 patients with lesions that were more than 20 mm but less than 55 mm, four 
patients (15%) had metastatic disease. In summary, there was no documentation of nodal metastasis with lesions less than 10 mm. For lesions more than 10 mm, 
however, the frequency was 11%. Thus lesion size may determine which patients have probability of nodule metastasis.

In an earlier study by Saito, 11 deep bronchial invasion was documented by pathologic analysis in 16 (17%) of 94 patients. Five (31%) of these 16 patients had nodule 
disease. Only 1 (1%) of 78 patients had nodal disease without evidence of extrabronchial invasion. No recurrences were identified in 75 patients who had 
intrabronchial disease, had no lymphatic spread, and who underwent a complete resection. Overall, the cause-specific five-year survival rate was 93.5% and 80.4% 
for all causes combined.

In 108 patients who underwent surgical resection for occult carcinoma. Nagamato et al. 6 identified 10 patients (9.2%) who had additional squamous cell carcinomas 
less than 1 mm in size. In turn, these lesions were associated with either dysplasia or marked atypia.

Kato et al.17 treated 45 lesions fulfilling the criteria for occult carcinomas in 40 patients (1.13 lesions per patient). PDT was the only treatment used for 30 lesions in 20 
patients, and the complete response rate was 100%. Three patients (15%) had recurrences, one (5%) of whom later died of the disease. An additional nine patients 
(45%) died of unrelated causes.

Considerably fewer patients with occult carcinomas were treated with endobronchial brachytherapy (EBBT) than with photodynamic therapy (PDT) or surgery (see 
also Chapter 24). Sutedja et al.20 reported two patients with T1 squamous cell carcinoma who were treated with high-dose-rate EBBT. Three fractions of 10 Gy were 
delivered at a 1 cm depth. Both patients were alive without disease at follow-up examinations, at 54 and 25 months, respectively.

Tredaniel et al. 21 treated 29 patients with a variety of lesions, whose common denominator was that their carcinomas were limited to the bronchus, and were therefore 
radiographically occult. Consequently, the disease could be encompassed by intraluminal brachytherapy. In contrast to all other reported series, however, these 
patients had undergone prior treatment, which included surgery, external radiation, and/or chemotherapy. The patients were treated with high-dose-rate EBBT using a 
dose of 7 Gy calculated at a 1 cm depth for 6 fractions (42 Gy). The median actuarial survival of these patients had not been reached after 23 months of follow-up.

Saito et al.11 treated 49 occult carcinomas in 41 patients (1.2 lesions per patient) with external-beam radiation using 40 Gy in 20 fractions, and with EBBT of 25 Gy in 
5 fractions. Doses were customized, and the prescription point varied between 3 to 9 mm depth, based principally on the average diameter of the airway being 
treated. With a median follow-up of 24.5 months, only two patients (5%) had experienced recurrences.

A prospective study reported by Perol and coworkers, 22 had the following selection criteria in the treatment of occult lung cancer with EBBT: All cases were proximal 
non–small cell lung carcinomas from an area not previously irradiated, with a size of less than 1 cm. All lesions were roentgenographically occult, and the patients all 
had severe chronic respiratory failure or had already had surgery or external radiation for previous lung carcinoma to other sites. An escalating dose protocol was 
used, and all doses were prescribed at 1 cm.

The first two patients received three fractions of 7 Gy each, the next four patients received four fractions of 7 Gy each, and the last 13 patients received five fractions 
of 7 Gy each. Two months after the completion of treatment, 15 (83%) of the 18 evaluable patients' cases were locally controlled with negative biopsies. At one year, 
12 (75%) of 16 evaluable patients revealed no evidence of disease. Actuarial one- and two-year survival rates were 78% and 58%, respectively, with a median 
survival of 28 months. Of 13 patients who received five fractions of 7 Gy, two developed necrosis of the bronchial wall. These patients died of hemoptysis, one with no 
evidence of carcinoma.

This group of patients was selected for minimal disease but also for their common co-morbid conditions: a history of prior lung cancer and moderate to severe medical 
problems precluding surgery. Ten patients had undergone surgical treatment for a previous lung carcinoma. Six patients had pneumonectomy, and five of these had 
mediastinal irradiation. Two were treated for previous carcinoma of the lung by radiation therapy alone. One patient was in cardiac failure at the time of treatment, and 
another patient had HIV infection with severe immunodepression. Of four patients with previous carcinoma of the lung, two were treated before the EBBT, one with 
cryotherapy and the other with chemotherapy, but without affecting the endobronchial lesion. Thus this group of patients, with their adverse medical history of either 
prior lung carcinoma (treated by surgery and/or radiation) or severe medical problems, had respectable one- and two-year actuarial survival rates.

The substantial synchronous and metachronous rate and the findings of additional small carcinomas with dysplasia and marked atypia all lead to the concept of a 
“field defect” (see also Chapter 23). Thus it is likely that the entire bronchial mucosa is at risk with a high probability of more than one lesion developing, either as a 
synchronous or metachronous lesion, in this select group of patients. If this is the case, then the strategy of treatment must include this as a basic assumption. 
Although lobectomy and/or pneumonectomy cure a certain percentage of patients, the remaining lung will continue to be at risk.

Therefore, selected lesions, that is, those less than 10 mm, with no evidence of extrabronchial extension, and squamous cell histology can be considered for 
therapies designed to preserve pulmonary function (PDT or EBBT). Lesions more than 10 mm or with evidence or suggestion of extrabronchial extension or 
nonsquamous histologies are less optimal candidates because they have higher risks of morbid disease. A suggested strategy is outlined in Fig. 49.4. We propose to 
randomize lesions less than 10 mm with squamous cell histology to the two therapeutic modalities most conserving of pulmonary function.



FIGURE 49.4. Algorithm for the management of an occult lung carcinoma.

We have treated more than 600 patients on protocols using EBBT. Of these patients, only 19% were treated for curative intent, and of these, only five (4%) met the 
criteria to be classified as radiographically occult carcinomas and are summarized in Table 49.1. The symptom index score used to classify each patient is listed in 
Table 49.2. This is a semiquantitative symptom index described later in the chapter, which allows for description and scoring of the symptoms of the patients during 
their medical course. Five patients are included, with a total of six lesions treated, for a rate of 1.2 lesions per patient. The rate of death from intercurrent disease was 
high, with two of five patients (40%) dying from intercurrent disease. One patient died of recurrence at 676 days. At the time of analysis, two of the patients were alive 
and with no evidence of disease (NED) at 1,228 and 650 days, respectively. In contrast to other reported studies, these patients were treated with a more 
conventional approach utilizing the current curative intent protocol described later in detail, which allowed for the delivery of 60 or 64 Gy, with external radiation 
therapy given concurrently with their EBBT. In this group of five patients treated with the combination of external beam radiation and EBBT, no complications 
occurred.

TABLE 49.1. BRACHYTHERAPY FOR RADIOGRAPHICALLY OCCULT CARCINOMA

TABLE 49.2. SYMPTOM INDEX SCORING SYSTEM

A frequently asked question is “what percentage of patients with lung cancer will benefit from intraluminal brachytherapy?” To attempt to answer this question, the 
total number of patients diagnosed with lung cancer within the referral area was approximated. For the greater Phoenix/Maricopa county area, the cases of lung 
cancer for 1986 through 1996 were estimated to be 9,000 cases. Of these, only 19% received radiation, and 16% of that group, or 3% of all patients, were treated on 
protocol, whereas an additional 11% of patients receiving radiation, or 2% of all patients, were treated with brachytherapy off protocol. Thus 27% of all patients 
receiving radiation, or 5% of all diagnosed patients, received brachytherapy. For patients on the curative protocol, these figures were 3% and 0.5%, respectively.

Results of Endobronchial Brachytherapy for Stages I, II, and IIIA or Recurrent Lung Cancer

Bronchogenic carcinoma often leads to symptoms indicating airway involvement, including obstructive pneumonia, atelectasis, hemorrhage, cough, and interference 
with airflow. YAG laser photo resection has immediate results but is restricted to central airways and to use by highly experienced operators. Unfortunately, 
conservative photo resection of the tumor without other interventions usually results in a fairly rapid reobstruction of the airway. The principle of endobronchial 
brachytherapy is that a high dose of radiation is delivered in a short period to the tumor and much less to normal tissues, in contradistinction to external radiation 
which, because of its inability to avoid considerable amounts of normal tissue, must be given in much lower doses per day to prevent undue complications.

Historically, it is always of interest to note that as early as 1922, Yankauer 23 placed radium capsules into the region of bronchogenic carcinoma for two patients with 
airway obstruction. In 1933, Kernan1 used radon seed implantation. With the advent of fiberoptic bronchoscopy, new techniques became possible. The first reported 
use for transbronchial implantation was by Moylan 24 in 1983, using Gold-198 seeds. Also in 1983, Mendiondo 2 used an afterloading tube placed with the aid of the 
fiberoptic bronchoscope and then placed an Iridium-192 source into the tube. A total of 3,000 cGy delivered at a 5 mm depth was prescribed, with an average 
treatment time of 10 hours. From this it was noted that all patients had “significant improvement” in bronchial obstruction. Schray et al. 6,25 reported on afterloading with 
Iridium-192 in 1985 and again in 1988. A single catheter was used in 65 patients. Fifty-nine of his patients had either prior or concurrent external radiation, and forty 
of the patients underwent YAG laser photo resection. Roughly 60% of the patients showed a response, 20% were stable, and 20% had progression at follow-up 
bronchoscopy. In his second report in 1988, 11 patients had developed either fistulas or massive hemorrhage, 7 of which he felt were secondary to treatment. He also 
noted that six of the seven patients had undergone YAG photoresection and that this may have contributed to the complications.

High-dose-rate (HDR) remote afterloading was first reported in the American literature by Seagren et al. 26 in 1985. All patients in this reported series had 
endobronchial carcinoma and had previously received a minimum external-beam radiation therapy dose equivalent to 5,000 cGy prior to brachytherapy. Each patient 
had bronchoscopically documented disease with local symptoms and a Karnofsky performance status of 50 or greater. The HDR remote afterloading unit was a 
Brachyton using a 3 mm diameter Cobalt-60 source with an average strength of 0.7 Ci. The unit had the ability to oscillate the source up to a maximum of 16 cm. A 
single catheter was used, and a dose of 1,000 cGy in a single fraction was delivered at a prescription depth of 10 mm. The total time for treatment ranged between 12 
and 27 minutes. They reported on a total of 20 patients treated between 1982 and 1983. Four patients had first received YAG laser photoresection prior to the 
brachytherapy procedure. Complete palliation of symptoms was seen in 25% of the patients, and a partial or complete palliation of symptoms was seen in 94% of the 
patients. In six of these patients, palliation was long-lasting with no recurrence of symptoms. In 12 patients, these symptoms recurred or progressed, with a mean time 



to recurrence of 4.3 months.

Joyner and colleagues (1985)27 first reported on the use of Iridium-192 solid wire afterloading for endobronchial treatment. They treated 14 patients with stage III 
non–small cell lung cancer with a combination of neodymium-YAG laser photoresection followed by endobronchial radiation and external-beam radiation therapy 
treatments. Brachytherapy treatment times were approximately 8–20 hours to deliver 3,000 cGy at a prescription depth of 5 mm. Rooney and colleagues (1984) 28 
presented their information on the use of HDR endobronchial treatment utilizing a Gamma Med unit with an Iridium-192 source. This technique allowed for the 
stepping sequence of the source in up to 12 dwell positions spaced at either 0.5 or 1.0 cm. The patients were treated on a weekly basis receiving 600 cGy per week at 
a prescription depth of 1 cm with a maximum of five treatments.

Macha et al.29 published a report in 1987 in which they utilized HDR afterloading with an Iridium-192 source in which the treatment was fractionated into three 
treatments through a single catheter. The dose was 1,500 cGy at a 5 mm prescription depth. Patients had laser, external radiation, and/or chemotherapy and had a 
high complication rate.

In all of the studies cited, the procedure consisted of using a single catheter for intraluminal brachytherapy. This is one of the few circumstances in the use of 
brachytherapy that a single-line linear source is the preferred method of treatment delivery. Volume implants from a dosimetric perspective are almost always 
preferred over a single-line source. Thus the ability to use more than one catheter allows for better dosimetry as well as better coverage of the disease process, which 
is rarely limited to a single tubular structure. An ideal system would allow more than one catheter to be used simultaneously. In addition, based on radiobiologic 
principles, fractionation becomes an important factor when variables of total dose and dose rate are considered. However, the ideal number of fractions for HDR 
quickly reaches a point that it is not feasible clinically and, thus, compromises must be made. Other physics factors have to be taken into account, including the choice 
of radioactive isotope, the dose at the prescription depth relative to the radius and inverse square law, as well as correction factors for the attenuation in water 
equivalent tissue versus air. Iridium-192 has the ability to be fabricated in small physical sizes of high activity, allowing passage through catheters with an internal 
diameter of 1.5 mm or less. In addition, Iridium-192 has virtually no significant correction for attenuation in water versus air up to a distance of 5 cm from the source. 
This makes Iridium-192 the preferred radioactive isotope to be used within tissues with a mixed air/water density interfaces such as intraluminal brachytherapy. The 
major drawback of Iridium-192 is its short half-life of 74 days, such that over a period of months, the activity and, thus, the dose rate changes considerably and the 
source needs replacement frequently. However, this disadvantage can be moderated by the frequent replacement of the sources and keeping the source strength well 
within the high-dose-rate range.

Table 49.3 is a compilation of most, but not all, of the studies published on high-dose-rate remote afterloading endobronchial brachytherapy. It covers the years 1985 
to 1997 for a total of 2,842 patients. As the reader can see in the tabulation, there are different doses used per fraction, number of fractions, as well as the dose 
prescriptions point. Although the variation for fatal hemoptysis is extremely large, ranging from 0% to 50% of patients, the mean is 10.3%. Fatal hemoptysis depends 
on multiple factors, including total number of patients studied, extensiveness of follow-up, and level of aggressiveness of treatment. For a small series, such as that of 
Khanavkar,30 where they reported 12 patients in their series and at 50% incidence of fatal hemoptysis, it is felt that this is not representative of what one may 
anticipate for the level of fatal hemoptysis. Likewise, there are reports of no fatal hemoptysis, such as that of Burt 31 reporting on 50 patients; however, when the same 
medical group updated their series and reported on a total of 406 patients, 32 their rate of fatal hemoptysis was 8%. Lastly is the question of level of aggressiveness. 
Some authors have attributed fatal hemoptysis to treatment, such as Bedwinel, 33 who reported a 32% rate of hemoptysis, whereas Macha34 and Speiser35 reporting on 
365 and 485 patients, respectively, in 1995 reported rates of 21% and 8%, respectively, and had adequate information to indicate that many, if not all, of the cases 
were secondary to carcinoma, and thus, it can be construed that the treatment was not aggressive enough.

TABLE 49.3. COMPILATION OF ENDOBRONCHIAL HDR STUDIES

In 1986, Speiser and Spratling developed a series of scoring systems (see Table 49.2, Table 49.4, Table 49.5 and Table 49.6) for selecting patients for treatment as 
well as for outcome analysis. Their initial report 36 was based on experience with an intermediate-dose-rate unit, which was a modification of a low-dose-rate unit, to 
allow a much higher specific activity of Iridium-192 for rapid delivery of dose. In some of the low-dose experiences, delivery of radiation took as long as 60 hours. The 
increase of Iridium-192 activity allowed the treatment time to be decreased to 1.5 to 4 hours. The range is based on (a) shorter times when the sources were new, (b) 
longer times as the sources decayed, and (c) the use for the first time of multiple catheters to deliver treatment. All treatments were performed in an outpatient setting 
and followed a protocol, which is outlined in the next section. As mentioned earlier, entry into the protocol and analysis of outcome utilized semiquantitative measures, 
which will be discussed within the protocol area.

TABLE 49.4. INFLUENCE OF PERFORMANCE STATUS ON PATIENTS WITH INOPERABLE LUNG CANCER



TABLE 49.5. WEIGHT LOSS SCORE BASED ON PERCENTAGE OF LOSS OF BODY WEIGHT WITHIN 6 MONTHS PRECEDING DIAGNOSIS

TABLE 49.6. OBSTRUCTION SCORE

PROTOCOL

Our protocol was initiated in 1986 when EBBT was transformed from low-dose-rate manual afterloading to medium-dose-rate remote afterloading procedures. This 
was a transitory step of short duration, lasting for 9 months. The high-dose-rate remote afterloader was, in fact, a Nucletron Selectron low-dose-rate remote 
afterloader that was modified to accept a longer source train and a much higher level of radioactivity. The activity was usually maintained at greater than 20 mc per 
cm. Dose rates initially were calculated at a 5 mm depth perpendicular to the source train, and were in the range of 5 to 10 cGy per minute.

Eligibility

Eligibility for the protocol includes the following: (a) Disease must involve the trachea, mainstem, or lobar bronchi. (Involvement of the segmental bronchi without 
involvement more proximal was not considered to be sufficient for entry into the protocol.) (b) The central airway disease must be intraluminal, visualized, and 
biopsied via bronchoscopy. (Patients requiring transbronchial biopsy were ineligible for the protocol.) (c) Patients must have significant symptomatology within the 
four symptom groups consisting of cough, dyspnea, signs and symptoms of obstructive pneumonia, and hemoptysis.

Evaluation of the patients meeting eligibility criteria to be placed on the EBBT protocol schedule were reviewed within the context of all patients diagnosed with lung 
cancer within the referral area from 1986 through 1996. This involved the greater Phoenix/Maricopa county area and utilized a reconstruction of the Tumor Registry to 
calculate an incidence rate of approximately 9,000 cases of lung cancer during the ten-year period. Of these, only 19% received radiation, and 16% of that group, or 
3% of all patients, were treated on protocol, while an additional 11% of patients receiving radiation, or 2% of all patients, were treated with brachytherapy off protocol. 
Thus 27% of all patients receiving radiation, or 5% of all diagnosed lung cancer patients, received brachytherapy. For patients on the curative protocol, these figures 
were 3% and 0.5%, respectively.

Indications

Indications for treatment are given in Table 49.7. The first three are those used in the protocol presented later in this chapter. The fourth is presently being used, and 
the fifth is an indication used occasionally.

TABLE 49.7. INDICATIONS FOR TREATMENT WITH ENDOBRONCHIAL BRACHYTHERAPY

Protocol 1.0 Curative Intent

To be eligible for this protocol, patients must not have had prior radiation within the thoracic area, which would preclude the adequate delivery of a full dose of 
external radiation. Patients must be inoperable and have a primary lung carcinoma with a non–small cell histology. Stages accepted were T 1,2,3 N1,2 M3. These stages 
correspond to stage groupings I, II, and IIIa. Performance status using the four-tiered weight loss system, likewise, must be 0, 1, or 2 and correspond to weight losses 
of 0, less than 5%, or less than 10%, respectively, of the patients weight in the 6 months prior to diagnosis. The rationale for selection of this level of weight loss is 
described in Oncologic Assessment Using the Four Tiered Scoring System.37 Patients were treated within the group characterized by dose as described in Table 49.8.

TABLE 49.8. MODIFICATION OF DOSES BY YEAR FOR THE CURATIVE, PALLIATIVE, AND RECURRENT PROTOCOLS



Protocol 2.0 Palliative Intent

Protocol 2.1

Eligibility for these patients includes primary lung cancer with non–small cell histology, and stage T 1N3 and/or M1 disease. These stages correspond to stage 
groupings IIIb and IV. In addition, the patients ineligible for protocol 1.0 because of performance scores of 3 or 4 or a weight loss of 3 or 4 (>10%) were reallocated to 
this protocol. Patients were treated within the group characterized by dose as described in Table 49.8.

Protocol 2.2

Primary lung cancer consisting of small cell histology, both limited and extensive, primary lung cancer with contralateral metastatic disease involving the 
endobronchial mucosa, and nonlung primaries with metastases primarily to the mucosa were treated within this category. Patients were treated within the group 
characterized by dose as described in Table 49.8.

Protocol 3.0 Recurrent Patients

All patients who had received prior radiation for a curative intent for carcinoma of the lung were included within this category. Patients were treated within the group 
characterized by dose as described in Table 49.8. Group I patients were treated with medium dose rate. In the palliative protocol, brachytherapy was constant and the 
use of external radiation was optional at the discretion of the treating oncologist. Its use was restricted to patients with extrinsic disease that caused a significant 
contribution to the level of obstruction and/or symptomatology.

Results

The following results incorporate 600 patients treated in the curative, palliative, and recurrent protocols outlined previously. In each of the successive periods of the 
operation of the protocol, the eligibility factors for the curative, palliative, and recurrent protocols have remained constant.

All patients treated in curative protocols with external radiation received 2 Gy per fraction, and in palliative protocols, 2.5 Gy per fraction. If patients received 
concurrent brachytherapy and external radiation, both treatments were not given on the same day. For the curative protocol, brachytherapy was delivered during 
weeks 1, 3, and 5. For palliative and recurrent protocols, brachytherapy was delivered weekly for three or four fractions, depending on the protocol.

The distribution of patients into the protocol groups was as follows: curative 19%, palliative 48%, and recurrent 33%. The age distribution of the patients had a median 
of 68 years and a mean of 67.1 years. Most of the patients fell within the range of 60–80 years old. The gender distribution was 62% male and 38% female. The 
percentage of female patients increased from 28% in group 1 to 41% in group 3 and 4. The breakdown for male/female patients was similar to that of all patients 
presenting with carcinoma of the lung within the geographic treatment area.

Squamous cell carcinoma is by far the most common cell type, overall, in the study (49%), and even to a greater extent for those treated in the curative protocol 
(70%). This percentage is considerably higher than is currently being seen in newly diagnosed outpatients with lung cancer (27%). This finding corresponds to 
long-held observations that squamous cell carcinomas tend to be more central and adenocarcinomas more peripheral.

The use of laser photoresection predated the wide use of high-dose-rate brachytherapy for airway carcinoma. In this study there was a gradual decrease in its use 
from an initial 32% to 16% in the latter part of the study. It is currently estimated that less than 5% of patients with central airway disease will require laser 
photoresection in the future.

The protocol required that patients must have one or more of the four primary symptom complexes in order to be included in this study. The incidence of the 
symptoms in the study were cough greater than 99%, dyspnea 97%, hemoptysis 64%, and the signs and symptoms of obstructive pneumonia 49%. Using the 
four-tiered symptom index as outlined in Table 49.2, the severity of the symptoms were weighted and the total weighted scores were subsequently normalized to 
100%. Response for each symptom score is related to each brachytherapy procedure and the first follow-up bronchoscopy ( Figure 49.5).

FIGURE 49.5. Percent of symptom index score.

Hemoptysis had the most dramatic and rapid of the responses with improvements of 70%, 90% and more than 99% at each intervention point. Pneumonia 
improvement was only slightly less dramatic with responses of 57%, 85%, and more than 99%. Improvement in dyspnea occurred in 36%, 54%, and 86%, 
respectively. Lastly was cough, with improvements of 32%, 52%, and 85%, respectively. The improvements in hemoptysis and pneumonia were commonly seen within 
the first 24 hours following the first brachytherapy procedure. Thus patients who were admitted to the hospital with obstructive pneumonia and/or sepsis, or with 
severe bleeding requiring transfusion, have a prompt response allowing them to be moved from an area of intensive care to one of normal care or to be discharged 
from the hospital.

In the palliative protocol, the use of concurrent external radiation with brachytherapy was optional. When the weighted responses were measured for brachytherapy 
only, versus brachytherapy and external radiation, the results in terms of improvement at follow-up were as follows: hemoptysis 94% and 97%, pneumonia 86% and 
82%, dyspnea 54% and 48%, and cough 51% and 57%, respectively. There was no statistical difference in response for each symptom group for each of these two 
therapies. The use of brachytherapy only was sufficient in itself to provide palliation without the need to add supplemental external radiation.

The obstruction scores, as seen in Figure 49.6, were analyzed in a different fashion. All of the scores were converted into median scores, which were normalized to 
100%. These were obtained for each brachytherapy procedure and at the first follow-up bronchoscopy. The median score was normalized to 100%, and the residual 
level of obstruction is expressed as a percentage. (Any tissue including inflammatory tissue was included as part of the obstruction score.) The curative patients and 
the palliative groups fared better than the recurrent group, with scores of 12%, 12.5%, and 19%, respectively ( Figure 49.6). This outcome is not unexpected 
considering that patients with recurrent carcinoma have had previous external radiation, which may select for a slightly more radioresistant, slower growing carcinoma 
and thus would be anticipated to be less sensitive to radiation. It is interesting that neither the use of concurrent external radiation or of laser photoresection led to 
improved clearing of obstruction. Thus, as in the symptom index results, the addition of external radiation or laser resection did not add to clearing endobronchial 
disease.



FIGURE 49.6. Obstruction score response. Obstruction score (mean) normalized to 100% (score obtained at bronchoscopy at first brachytherapy treatment) and 
compared to residual obstruction score at first follow-up bronchoscopy. Palliative Group combined result 17%.

The survival of patients by protocol group was 10% for the curative patients and 5% for the palliative-recurrent patients years. The palliative-recurrent patients had 
disease that was most often recurrent, advanced, and/or metastatic at or shortly after presentation, leading to low survival rates. The cause of death shows a 
significant failure rate for local disease in all categories. These rates were 31% and 30%, respectively, for the curative and palliative-recurrent protocols. As has been 
seen in numerous other studies, despite gradual increasing doses of radiation over the last several decades, local disease continues to be a significant problem.

Survival curves for the curative versus the palliative-recurrent patient illustrated in Figure 49.7 and are calculated from the date of diagnosis and date of the first 
brachytherapy procedure. There was no statistically different result between these two groups when analyzed from the date of diagnosis (p = 0.1); however, from the 
date of the first brachytherapy treatment, the p-value was less than 0.0001 comparing the curative versus the palliative-recurrent patients. (The recurrent patients are 
self-selected by the fact that they lived long enough to develop a symptomatic recurrence. This bias was eliminated when analyzing survival by date of treatment.)

FIGURE 49.7. Survival for curative, palliative, and recurrent groups from initial diagnosis (A) and from first day of treatment (B).

COMPLICATIONS

The complication most often mentioned when discussing endobronchial carcinoma and its treatment is that of fatal hemoptysis. This complication is defined as 
bleeding that is most often caused by erosion into the right or left pulmonary artery with subsequent exsanguination within the tracheal bronchial tree. This is a known 
complication of progression of untreated or inadequately treated carcinoma involving the tracheal bronchial tree, most often in the region of the upper lobe bronchi, 
due to their proximity to the pulmonary arteries. With the advent of intraluminal treatment, it must be considered as a possible complication of this modality.

In this study, the overall rate is 6% with the median time from diagnosis until death of 14 months; however, when measured from the date of the first brachytherapy 
until death, the median for the entire group is 5 months. Recurrent patients, as would be anticipated, have the highest rate of fatal hemoptysis at 9%, whereas the 
curative and palliative patients have rates of 5%. Of interest is that, in the different dose groups, there was an increase in fatal hemoptysis as the dose was increased 
from group 1 to 2; however, there was a slight further increase in the rate of hemoptysis as the dose was reduced and then a decrease in the rate of fatal hemoptysis 
(2%) with further dose reduction. Thus no dose-response relationship could be identified. In addition, the curative patients who had the greatest radiobiologic effect, in 
that all treatment was within a short period that is, external and internal radiation, had a rate of 5% versus the recurrent patients who had their treatment over a 
prolonged period, with a rate of 9%, and the palliative group of patients, who had the lowest doses delivered, had a rate of 5%. Fatal hemoptysis was measured in the 
palliative protocol patients where 41% of the patients were treated with brachytherapy only, and 59% with brachytherapy and external radiation. The rate of fatal 
hemoptysis was 5.5% in the brachytherapy-only group, and the combined group receiving higher doses of radiation had a rate of 4%. Once again, there was no 
evidence of a dose response.

The most common side effect seen that is definitively related to the intraluminal treatment was radiation bronchitis and stenosis. This was not an entity previously 
described until the initial description by Speiser and Spratling. 36 Table 49.9 is a definition of the grades of radiation bronchitis and stenosis utilized. The incidence of 
radiation bronchitis and stenosis by group are 9%, 12%, 14%, and 14%, respectively. By protocol, they were 23%, 12%, and 8%, respectively, for the curative, 
palliative, and recurrent protocols. The rate is clearly highest in the curative patients. When this rate was further analyzed, it was noted that the only significant factor 
predicting for this response was length of follow-up. Although the true incidence of this complication is not known for patients receiving external radiation only, it is still 
felt that this complication results primarily from intraluminal brachytherapy with its very high mucosal doses.

TABLE 49.9. GRADES OF RADIATION BRONCHITIS AND STENOSIS (RBS)

For palliative patients, this complication was studied in those patients receiving brachytherapy only versus those receiving brachytherapy along with concurrent 
external radiation, and the incidence was 17% and 10%, respectively. Although the incidence was slightly higher in the brachytherapy-only group, the median time to 
occurrence was slightly longer in this group at 3.6 months versus 2.5 months for the patients receiving combined treatment.



MANAGEMENT OF COMPLICATIONS

The treatment of brachytherapy-related hemoptysis is the same as hemoptysis from other causes. This includes bed rest, codeine, transfusion for hemodynamic 
stability, avoidance or reversal of anticoagulants, vascular embolization, electrocautery, or lasocautery to reduce bleeding volume.

One of the largest reported series of patients treated with palliative brachytherapy alone is from the Christy Hospital in Manchester, England. 38 Three hundred 
twenty-two patients with inoperable non–small cell lung cancers were treated with a single fraction of HDR with a total dose of 15–20 Gy delivered intraluminally with 
the dose prescription 1 cm from the central axis of the catheter. Patients were evaluated 6 weeks after completing the HDR treatment with regard to their symptoms, 
including stridor, hemoptysis, cough, dyspnea, pain, and pulmonary collapse. In addition, at various times following the brachytherapy procedure, 83 bronchoscopies 
were conducted on 55 patients. Massive hemoptysis leading to death occurred in 32 patients (8%). Cox multivariate analysis revealed that treatment-related factors 
associated with subsequent massive hemoptysis were brachytherapy dose more than 15 Gy, prior laser therapy, second brachytherapy treatment, and concurrent 
external-beam radiation therapy. Twenty of the 25 assessable deaths related to hemoptysis had recurrent and/or residual tumor suspected at the hemoptysis site. The 
chronology of the massive hemoptysis leading to death occurred between 9 and 12 months after completion of the HDR procedure. This was in stark contrast to 
deaths from all other causes, which usually occurred 3 to 6 months after completion of the HDR procedures. 39

Brachytherapy-related bronchitis and stenosis are managed based on the level of severity of the reaction and/or stenosis. This can include observation for mild 
treatment-related bronchitis for the least symptomatic presentation, and can be actively treated in a more debilitating form with oral and/or aerosol administration of 
steroids, aerosol-administrated bronchodilators, codeine- or narcotic-based cough suppressants, and antifungal or antibiotic therapies for symptomatic management, 
as well as correction of the underlying cause. More aggressive interventional management for debilitating and/or life-threatening levels of bronchitis and/or stenosis 
may be managed with balloon and/or bougie dilation, laser photoresection, bronchoscopic debridement, and/or placement of intraluminal stents.

Although lung brachytherapy has been advocated by radiation oncologists for the past 20 years, recent technologic developments in the area of high-dose-rate 
brachytherapy, such as the design of high-activity, physically small Iridium-192 sources and remote afterloading machines have prompted renewed interest in lung 
endobronchial high-dose-rate brachytherapy. The specific role of lung EBBT is not clearly defined at this time to be instituted within the standard and/or uniform 
community practice. There is an ongoing evolution for the tumor selection criteria to identify those patients most likely to benefit from EBBT with regard to local 
control, which may translate ultimately to improved survival. The American Brachytherapy Society (ABS) HDR Consensus Guidelines 40 currently state that, although 
endobronchial brachytherapy has demonstrated efficacy for symptomatic relief of bronchial obstructions and hemoptysis, either alone or in combination with 
external-beam radiation therapy, the curative benefit of brachytherapy in additional to conventional external-beam radiation therapy and/or chemotherapy has not 
been proven. The ABS recommends that brachytherapy for the definitive treatment of lung cancer be done within the context of a controlled clinical trial, if possible. 
Outside of clinical trials, the ABS suggests that brachytherapy be reserved for palliative treatments alone. Although the guidelines do not clearly state the indications 
for additional external beam radiation in newly diagnosed lung cancer patients, EBBT alone is recommended for recurrences after full-dose external-beam radiation 
therapy treatments have been administered. No single-dose fractionation scheme has been identified that provides for superior therapeutic ratio. Dose specifications 
have been recommended to be prescribed to a depth of 1 cm from the source center for uniform prescription dosimetry comparisons.

A study by the Radiation Therapy Oncology Group (RTOG) evaluated the palliation provided by external beam radiation to patients with newly diagnosed 
nonmetastatic, non–small cell lung cancers.41 This study by Simpson et al. demonstrated that a short course of external-beam radiation therapy delivering 30 Gy in 10 
fractions provided relief of hemoptysis in 74% of patients, cough in 55% of patients, and dyspnia in 43% of patients. Median survival was in the range of 6 months. 
Compared to this RTOG study, brachytherapy alone appears to provide equivalent palliation as external-beam radiation, with a similar survival outcome. Given this 
fact, brachytherapy may give more prompt symptomatic relief of obstructive symptoms in a more cost-effective manner.

In a small group of 19 patients treated with HDR to a total dose of 15 Gy, 42 in which a detailed assessment with rigorous testing was performed before and after 
administration of the HDR brachytherapy, and chest x-rays, CT scan of the thorax, direct bronchoscopic evaluation, objective obstruction index scoring, five-minute 
walking stress tests, isotope ventilation and profusion lung scanning, and formal pulmonary function tests with maximum inspiratory and expiratory full-volume 
measurements were conducted. Symptomatic relief was reported in 17 of the 19 patients. Atelectasis of a collapsed lobe or lung reported in 13 patients was 
demonstrated to have reinstituted ventilation in nine cases by radiographic imaging. Bronchoscopic evaluation of luminal patency had demonstrated improvement in 
18 of the 19 patients. Isotope lung scans showed significant increase in the percentage of total lung ventilation and profusion in the abnormal lung. This rigorous 
study demonstrated the high correlation between objective and subjective improvement of the presenting symptomatology in these patients. In addition, it confirmed 
the palliative benefit of brachytherapy, which has been described in larger groups of patients. A prospective randomized study of brachytherapy and external-beam 
radiation therapy are clearly needed to directly compare treatment efficacy and toxicity, as well as a cost-benefit analysis and quality-of-life analysis in this setting.

CONCLUSIONS

Endobronchial brachytherapy is an excellent means of treatment for palliation of symptoms for patients with lung cancer, with a low probability of cure; that is, the 
palliative protocol group and patients with lung cancer previously irradiated. This treatment does not require concurrent treatments for most of these patients as long 
as the disease process involves central airway disease secondary to intrinsic involvement.

For curative intent patients, it provides rapid relief of obstruction and the signs and symptoms of obstruction. In the survey of literature, as well as this study, survival 
advantage is not shown. This group of patients must, in the future, be randomized to external-beam radiation therapy versus external-beam plus intraluminal radiation 
to evaluate a possible survival benefit prospectively.

For the future, further studies will be necessary to determine the most optimal dose and number of fractions that will provide the greatest patient benefit, the lowest 
morbidity, and the lowest cost of treatment. In addition to randomized protocols of external-beam versus external plus internal radiation, it will be necessary to test the 
hypothesis that chemotherapy adds to the benefit obtained by radiation as the sole therapy. All proposed protocols for lung cancer should include the comorbid 
features and/or biologic markers that have been shown to be strong predictors for the probability of survival for lung cancer.

INTERSTITIAL

Interstitial brachytherapy began with Radon-222, and later Gold-198 and Iridium-192. Radon and gold in the form of seeds had been used because of their short 
half-life and rapid deposition of energy within the target area. Iridium-192 was most often used as individual seed sources sealed within polyethylene ribbons or 
strands, later to be placed in hollow nylon afterloaded tubes. However, it was not until the introduction of Iodine-125 with its low-energy gamma-ray emission primarily 
in the 30 KeV range (27–32 KeV) and a long half-life of 60 days (59.4) that the sources could be kept within the hospital and available in a standby mode. The newest 
isotope in use is Palladium-103, seeds that are, like the Iodine seeds, a low-energy gamma emitter (23 KeV), but with a shorter half-life (17 days). This isotope 
provides an increased dose rate, which is preferred for more rapidly growing tumors. The permanent seed implant with Iodine-125 or Palladium-103 is best used in 
those patients undergoing surgical resection when the margins are close or positive; the implant provides a high dose to a small volume aiming at improved local 
control.

The three primary methods of placement of seeds are (a) the use of loose seeds that are placed through a hollow stainless steel needle. The needles are placed 
within the target volume in an array usually with 1 cm spacings to accomplish a good dose distribution in two planes. The third plane is then set by deposition of seeds 
at either 5 or 10 mm increments along the needle length. The needles are placed at the maximum depth of interest, and then an applicator is attached to the needles 
such that the operator has the ability of depositing seeds at intervals of 5 mm or greater. Thus the three-dimensional array is first accomplished by placing the needles 
in a two-plane or more array and completing the third dimension by depositing the seeds along the needle track, slowly withdrawing the needle, and depositing the 
seeds. Placing hollow stainless steel needles into vital structures, bones, nerves, and vessels is not possible. (b) The needles or sources can also be placed within 
gelfoam or dacron sheets, the seeds deposited, and then the implanted material placed sheetlike over an area where implantation might not otherwise be possible. To 
stabilize the friable gelfoam, a Vicryl mesh or mobilization of tissue is needed to cover the implant to ensure that the gelfoam and seeds do not migrate. (c) A current 
technique uses Iodine seeds embedded within Vicryl suture. Standard Vicryl suture is modified by placing and spacing the seeds at 1 cm within the mesh suture. The 
Vicryl suture is supplied attached to a large-caliber needle to allow the operator to sew the strand. The size of the needle precludes its use in most clinical situations 
but allows the operator to remove the needle and to drape the suture using a needle of more appropriate size. The suture is sewn through an area, allowing excellent 
placement for spacing and fixation of the seeds. However, more often than not, the tissues in question (such as the major vascular structures and bronchial margins) 
will not allow this procedure to be performed in this manner, in which case, the needle is removed and the operator can then “implant the suture” by applying it to the 
critical structure by using vascular clips. The vascular clip should not crimp a seed but should be placed on the suture between the Iodine seeds. The doses judged 



sufficient to eradicate macroscopic disease are 160 Gy for Iodine-125 and 125 Gy for Palladium-103 (prior to TG-43).

RESULTS

Because of the varying shapes of the sites in the thoracic cavity, which attempted to be implanted, a reasonable way to assess the benefit of implantation is to look at 
local control rates as an end point. Clinical groups may have different outcomes. These are seen in Table 49.10: Stage I or higher stage disease as locally advanced, 
unresectable with negative nodes, unresectable with positive nodes, superior Sulcus tumors and T 3N0 chest wall disease. Table 49.10 shows the results for these 
subgroupings in terms of technique used (including if external radiation was used), and whether local control and survival were influenced. Overall local control is 
71%, which, in conjunction with (a) good surgical resection and (b) adjuvant radiation and/or chemotherapy, can lead to an improved five-year survival.

TABLE 49.10. RESULTS OF INTERSTITIAL BRACHYTHERAPY IN NON–SMALL CELL LUNG CARCINOMA

What will not be found in the literature is that this technique requires extensive individual experience and expertise to obtain results similar to those reported by 
Hilaris43,44,45 and 46 and Burt31,32 without having an excessive complication rate. A good example would be the last intraoperative consultation I performed on a patient 
who underwent a left upper lobectomy with tumor peeled off the left pulmonary artery. The consultation was to determine if I would “implant” the pulmonary artery. 
Surgery involved stripping the carcinoma off the pulmonary artery. The recommendation was that implantation was not advisable due to an extremely high risk of 
pulmonary artery rupture. One week postop, the patient's left pulmonary artery ruptured and carcinoma was found in the artery wall at autopsy.

DISCUSSION

Interstitial lung brachytherapy is used infrequently in the United States. This may be due to the difficulty in gaining expertise with interstitial implant procedures, as 
compared to external-beam treatment planning or even endobronchial brachytherapy procedures. The recent introduction of Iodine-125 with its 60-day half-life and 
low-energy ionizing photon emissions have made interstitial brachytherapy more practical for consideration and implementation in the clinical practice. However, at 
this time, there is no proven role for interstitial brachytherapy alone or in combination with other treatment modalities, such as surgery, chemotherapy, or 
external-beam radiation therapy. The decision to use interstitial brachytherapy modality in concert with other treatment modalities must consider not only possible 
local control and survival benefits, but also its ability to improve the final outcome of the patient's medical care by symptomatic relief duration and rapidity, treatment 
costs for acute and chronic toxicity, and the ability to preserve a pulmonary cardiac musculoskeletal and neurological function.
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Lung cancer is a common and lethal disease, killing more than 160,000 Americans in 1997—more people than breast cancer, prostate cancer, and colon cancer 
combined.1 Despite recent advances in locoregional therapy, approximately one-third of patients will present with disseminated disease at the time of diagnosis, and 
thousands more will ultimately die of disease that is amenable to neither surgery or radiation therapy. Clearly, strategies aimed at systemic control are crucial.

Despite the widespread use of chemotherapy for other neoplasms, there has been pessimism on the part of many physicians to prescribe chemotherapy for advanced 
non–small cell lung cancer (NSCLC). This reluctance arises in part from early studies in which chemotherapy had limited success, and no clear survival benefit could 
be shown for its use. Over the past 5 years, however, several newer agents have been developed that have resulted in modest improvements in survival. 
Furthermore, additional studies have demonstrated that chemotherapy can improve the quality of life and control symptoms in many patients with advanced NSCLC. 
The purpose of this chapter is to review some of the newer chemotherapeutic agents in the treatment of advanced NSCLC.

CHEMOTHERAPY IN THE 1980s

The natural history of metastatic NSCLC is poor at best. The median survival is approximately 5 to 6 months, and only 10% of patients can be expected to be alive at 
one year.2,3 Several randomized studies have compared different chemotherapy regimens to best supportive care with mixed results. 3,4,5,6,7,8,9 and 10 The differences in 
magnitude of benefit caused by chemotherapy may be explained by differences in study size, patient population, and chemotherapeutic regimens, with some of the 
regimens being alkaloid, rather than cisplatin, based. Recently, metaanalyses have demonstrated a significant benefit in survival with older chemotherapy regimens 
compared to best supportive care, although this benefit was modest at best. The mean potential gain in survival was only approximately 6 weeks, or 10% improvement 
in one-year survival. 2,11,12 and 13

Until recently, no clear advantage to one chemotherapeutic regimen had been demonstrated. Randomized studies showed no significant benefit of cyclophosphamide, 
doxorubicin, methotrexate, and procarbazine (CAMP) vs. mitomycin, vinblastine, and cisplatin (MVP), etoposide and cisplatin (EP), or vindesine and cisplatin. 14 
Indeed, in one randomized trial, first-line MVP resulted in a significantly higher response rate but poorer overall survival compared to single-agent carboplatin, which 
was associated with an overall response rate of 9% but a significantly longer median survival of 32 weeks. 15

In one metaanalysis, the only chemotherapy drug that was associated with an improved survival compared to best supportive care was cisplatin. 2 Older trials using 
alkylating agents actually tend to show a detrimental effect with chemotherapy. 2 Furthermore, an analysis of survival determinants in more than 2,500 patients with 
advanced NSCLC by the Southwest Oncology Group (SWOG) found that the use of cisplatin was an independent predictor of improved outcome. 16 Hence, most of 
the newer agents have tended to be utilized in platin combinations.

Four randomized trials have compared single-agent cisplatin to combination therapy with “newer” agents ( Table 50.1), which will be discussed in more detail 
following. All of the trials showed an improved response rate with the combination regimen, and three of the four showed an improvement in survival. Based on the 
results of the metaanalyses demonstrating an improved survival with chemotherapy over supportive care, and the randomized studies demonstrating an improvement 
in combination chemotherapy over single-agent cisplatin, the American Society of Clinical Oncology's clinical guidelines recognize that chemotherapy can prolong the 
survival of advanced NSCLC patients.17

TABLE 50.1. RANDOMIZED TRIALS OF SINGLE AGENT CISPLATIN VERSUS COMBINATION THERAPY

Although cisplatin is the only agent that has been associated with improved survival, it has not been associated with a dose-response relationship. The European 
Organization for Research on Treatment of Cancer (EORTC) performed a randomized study comparing a high dose of cisplatin (120 mg/m 2) to a standard dose (60 
mg/m2) in combination with etoposide in advanced NSCLC. 18 No difference in response rate or survival was noted between the two arms. The SWOG also 
randomized patients between standard-dose cisplatin (50 mg/m 2 days 1 and 8 on a 28-day cycle), high-dose cisplatin (100 mg/m 2 days 1 and 8 for four cycles), and 
high-dose cisplatin plus mitomycin (8 mg/m2 day 1). No significant difference in response rates or median survival existed among the arms, and the high-dose arms 
were associated with an increased incidence of ototoxicity, emesis, and myelosuppression. 19

Since the metaanalyses have been conducted, several new agents have become available which have continued to have a small but significant impact on advanced 
NSCLC. These agents are discussed in the following sections.

VINORELBINE

Vinorelbine is a newly developed semisynthetic vinca alkaloid that has been shown to have antitumor activity against advanced NSCLC in phase II studies. Recent 
randomized studies have compared vinorelbine with best supportive care, or with single-agent chemotherapy with fluorouracil plus leucovorin. 20 and 21 In a study 
comparing vinorelbine to best supportive care in elderly patients (³70 years old) with advanced NSCLC, a median survival of 27 weeks and a 6-month survival of 54% 
was observed with vinorelbine compared to 21 weeks and 39% for best supportive care. 20 The one-year survival of 27% for vinorelbine was superior to the 5% 
one-year survival observed with best supportive care (p = 0.04), resulting in early closure of the trial. In a randomized phase III study comparing single-agent 
vinorelbine with fluorouracil plus leucovorin in patients with metastatic NSCLC, vinorelbine was associated with a higher response rate, median survival, and one-year 



survival (12%, 30 weeks, and 25%, respectively) compared to fluorouracil plus leucovorin (3%, 22 weeks, and 16%, respectively) ( Table 50.2).21

TABLE 50.2. RANDOMIZED PHASE III TRIALS OF VINORELBINE IN ADVANCED NON–SMALL CELL LUNG CANCER

Subsequent phase III trials comparing vinorelbine plus cisplatin to other combination regimens have also confirmed increased activity and prolonged survival with the 
vinorelbine-containing regimens. A French study involving 612 patients compared single-agent vinorelbine to vinorelbine plus cisplatin versus the control arm of 
vindesine plus cisplatin. The one-year survival of 35% in the vinorelbine/cisplatin arm was superior to the one-year survival of 30% in the vinorelbine-alone arm, and 
the 27% one-year survival in the control arm. 22 Finally, the SWOG confirmed the benefit of vinorelbine by comparing single-agent cisplatin with vinorelbine plus 
cisplatin in patients with stage IIIB and IV disease. 23,24 Not only was the response rate and median survival higher in the vinorelbine/cisplatin arm, but the trial also 
confirmed the long-term survival advantage for the combination compared to cisplatin alone. Thirty-six percent of patients treated with vinorelbine/cisplatin were alive 
at one year compared to 20% of patients treated with cisplatin alone; moreover, the two-year survival doubled on the vinorelbine/cisplatin arm.

One French study failed to observe a survival benefit with the combination of vinorelbine and cisplatin over cisplatin alone. 25 Two hundred thirty-one stage III or IV 
patients were randomized to receive either 30 mg/m2 per week of vinorelbine or vinorelbine plus cisplatin (80 mg/m 2 every 3 weeks). Although a significant 
improvement in response rates and time to progression was observed, the median survival between the two groups was nearly identical (32 weeks versus 33 weeks). 
Furthermore, the addition of cisplatin resulted in a significant increase in toxicity, so that 21% of patients on the combined modality arm discontinued therapy early, 
compared to 8% of the patients on the vinorelbine arm.

PACLITAXEL

The taxanes, paclitaxel (Taxol) and docetaxel (Taxotere), have generated considerable enthusiasm because of their broad-spectrum activity against a variety of tumor 
types both preclinically and clinically. Derived from the western yew tree, Taxus brevifolia, and the European yew tree, Taxus baccata, respectively, these agents 
enhance tubulin assembly into microtubuoles and inhibit depolymerization of microtubuoles. Their activity as first- and second-line agents in ovarian and breast 
cancer is well established, prompting evaluation in other tumor types.

Based on phase I studies that suggested activity in advanced NSCLC, the Eastern Cooperative Oncology Group (ECOG) conducted a randomized phase II study of 
paclitaxel, merbarone, and pirozantrone in advanced NSCLC. 26 Twenty-four patients were randomized to receive 250 mg/m2 of taxol as a 24-hour infusion; although 
the overall response rate was only 21%, the one-year survival was 40%, among the highest ECOG has observed in a multi-institutional trial in this disease. Although 
the trial design was such that a formal comparison of survival rates was not statistically possible, the one-year survival on the other two arms was 23% and 22%, 
respectively. These encouraging results with paclitaxel were confirmed by a group at MD Anderson, who also reported a 24% response rate and 38.5% one-year 
survival rate.27

Based on these results, ECOG compared standard therapy with cisplatin and etoposide versus cisplatin plus 135 mg/m 2 of paclitaxel, versus cisplatin plus 250 mg/m 2 
of paclitaxel plus granulocyte colony-stimulating-factor (G-CSF) in E5592. 28 See Table 50.3 Five hundred ninety-nine patients were entered on the trial; 194 eligible 
patients on the control arm, and 190 eligible patients and 187 eligible patients on the low-dose paclitaxel/cisplatin and high-dose paclitaxel/cisplatin/G-CSF arms, 
respectively. The response rates for the high-dose paclitaxel/cisplatin/G-CSF, low-dose paclitaxel/cisplatin and etoposide/cisplatin arms were 31%, 26%, and 12%, 
respectively (p < 0.05). Median survival was 10 months, 9.5 months, and 7.6 months, respectively. The one-year survival was slightly higher in the high-dose 
paclitaxel and low-dose paclitaxel arms compared to the cisplatin/etoposide arm (40% and 37% versus 31%) (p < 0.05 for combined paclitaxel arms compared to 
cisplatin/etoposide). Neuropathy and myalgias were dose-dependent in the paclitaxel arms. There was increased granulocytopenia on the taxol arms, particularly the 
non–G-CSF-containing arm (55% on the cisplatin/etoposide, 65% for paclitaxel/cisplatin/G-CSF, and 74% for low-dose paclitaxel/cisplatin). However, the incidence of 
infections and deaths caused by infections was relatively low and was similar across all three arms. No significant differences in cardiac toxicities were observed. 
Because no significant differences in survival were observed between the two paclitaxel arms, ECOG has chosen the 135 mg/m 2 dose without G-CSF as the control 
arm for the next randomized phase III study (Table 50.4).

TABLE 50.3. RANDOMIZED PHASE III STUDIES OF PACLITAXEL/PLATIN IN ADVANCED NSCLC

TABLE 50.4. ONGOING OR RECENTLY COMPLETED COOPERATIVE GROUP RANDOMIZED STUDIES IN ADVANCED NSCLC



Two European trials, however, failed to confirm a survival advantage of paclitaxel plus cisplatin compared to cisplatin alone, or cisplatin combined with teniposide. 29,30 
One trial compared 175 mg/m2 of taxol over 3 hours plus 80 mg/m2 of cisplatin with 100 mg/m2 of cisplatin alone. Although the response rate was higher in the 
combination arm (26% versus 17%; p = 0.028), the median survival was not different (8.1 months for paclitaxel/cisplatin versus 8.6 months for high-dose cisplatin; p = 
0.86). In a second study, patients were randomized to 80 mg/m2 of cisplatin with either 175 mg/m2 of paclitaxel over 3 hours, or with 100 mg/m2 of teniposide.30 
Although responses were again higher on the paclitaxel/cisplatin arm, the median survivals were not different (9.9 months versus 9.7 months). With the exception of 
increased myalgias and neuropathies on the paclitaxel arms, the treatments on both studies were well tolerated. Despite the lack of survival difference, patients on the 
paclitaxel/cisplatin arms of both studies reported a better quality of life.

These data suggest that the combination of paclitaxel and cisplatin is active in metastatic NSCLC. It is unclear, however, why a survival benefit has not been 
consistently observed, raising several questions regarding the optimal use of paclitaxel, including: What is the optimal duration of infusion? Would the substitution of 
other drugs result in enhanced efficacy?

Carboplatin is a platin analogue with a different toxicity profile than cisplatin. Unlike cisplatin, the primary toxicity is myelosuppression, with considerably less 
ototoxicity, renal toxicity, and neurotoxicity. Although the response rate to single-agent carboplatin is relatively low, it produced the best median survival time (31.4 
weeks versus 25.8 weeks or less) in a randomized, five-arm ECOG trial. 15 Because of the single-agent activity of carboplatin and the neurotoxicity of the 
cisplatin/paclitaxel combination, several phase II trials have been conducted of carboplatin and paclitaxel with encouraging results.

With several exceptions, 31,32 these trials have been phase I/II trials or have been reported only in abstract form. The starting doses of paclitaxel range from 135 mg/m 2

 to 175 mg/m2, and the duration of infusion from 3 hours to 24 hours. 31,32,33,34,35 and 36 Various doses of carboplatin have been utilized, including area under the curve 
(AUC) between 6 and 1131,34,37 or doses calculated on body size (300 mg/m2–400 mg/m2).32,33,35,36 Despite these differences in study design, preliminary results have 
been encouraging. Reported response rates range from 20% to 62%. Median survival on the two phase II trials were 38 weeks and 54 weeks, with one-year survivals 
of 32% and 54%.31,32 Because of the tolerability of the regimen and ease of outpatient administration, as well as these early reports of efficacy, carboplatin/paclitaxel 
has become one of the most widely used regimens in the United States.

Preliminary results from a recent randomized study, however, failed to confirm the superiority of paclitaxel/carboplatin 38 (Table 50.3). Three hundred sixty-nine 
patients were randomized to receive carboplatin at an AUC of 6 and paclitaxel (225 mg/m 2 over a three-hour infusion), versus 75 mg/m2 of cisplatin and etoposide 
(100 mg/m2 days 1–3).38 Although the response rate was higher for carboplatin/paclitaxel (14% versus 22%, respectively), the one-year and median survival were not 
significantly different between the two (37% and 9.1 months for cisplatin/etoposide and 32% and 7.7 months for carbo/paclitaxel, respectively) (results presented at 
ASCO, 1998). However, carboplatin paclitaxel was reported to be more tolerable than cisplatin/etoposide, with significantly less febrile neutropenia and vomiting.

A second randomized multicenter trial comparing paclitaxel/carboplatin to paclitaxel/cisplatin in advanced NSCLC is currently ongoing. Patients are randomized to 
receive paclitaxel (200 mg/m2 over 3 hours) plus carboplatin (AUC of 6 by the Calvert formula) or 80 mg/m 2 of cisplatin every 3 weeks.39 Six hundred eighteen patients 
from 16 different countries have been randomized. A planned interim analysis on the first 289 patients showed no unexpected toxicity or any large response 
difference, and the trial is continuing.

The encouraging phase II data have resulted in carboplatin and paclitaxel being incorporated as one of the study arms in three different cooperative group trials 
(Table 50.4). ECOG is comparing carboplatin/paclitaxel to the control arm of cisplatin and paclitaxel, as well as cisplatin and gemcitabine, and cisplatin plus 
docetaxel. The SWOG recently completed a trial comparing carboplatin and paclitaxel to the “standard” of cisplatin and vinorelbine. The Cancer and Leukemia Group 
B (CALGB) is comparing single agent paclitaxel to carboplatin/paclitaxel.

DOCETAXEL

Docetaxel has been explored as a single agent in phase II trials in patients with advanced NSCLC. Phase II trials have used 60 mg/m 2, 75 mg/m2, and 100 mg/m2 of 
docetaxel as a one-hour infusion every 3 weeks (Table 50.5).40,41,42,43,44 and 45 Responses in previously untreated patients range from 18% to 38%, with median 
survivals of 6 to 11 months. Interestingly, a 20% response rate as a second-line agent has been reported in phase II trials. 46,47 and 48

TABLE 50.5. PHASE II TRIALS OF DOCETAXEL IN NONSMALL CELL LUNG CANCER

In a phase I study when combined with 75 mg/m2 of cisplatin, 75 mg/m2 of docetaxel induced responses in 7 of 14 patients. 49 This combination of 75 mg/m2 of 
docetaxel and 75–100 mg/m2 of cisplatin has been evaluated in several phase II studies. 50,51 and 52 Febrile neutropenia was the dose-limiting toxicity in all three studies. 
Other grade 3 or worse toxicities include hypersensitivity reaction, diarrhea, nausea/vomiting, cardiac abnormalities, fluid retention, and infection. Response rates 
varied from 25% to 53%.

GEMCITABINE

Gemcitabine is a nucleoside analogue that has several potent actions on cancer cells at both the DNA and RNA levels. The relatively mild toxicity profile and activity 
in metastatic pancreatic cancer have prompted investigation in advanced NSCLC. Following a series of phase II studies that showed activity of gemcitabine in 
NSCLC, two randomized phase II studies were conducted in Europe and Taiwan comparing single-agent gemcitabine with cisplatin and etoposide patients. 53,54 Both 
studies involved randomization between weekly gemcitabine (days 1, 8, and 15 on a 28-day schedule), versus cisplatin administered on day 1 and etoposide 
administered days 1, 2, and 3 on a 28-day schedule. Although the doses of the drugs were slightly different between the two studies (the European study used 1,000 
mg/m2 of gemcitabine, whereas the Taiwanese study used 800 mg/m2 and the European study utilized 100 mg/m2 of both cisplatin and etoposide compared to 80 
mg/m2 of both cisplatin and etoposide in the Taiwanese study), both studies confirmed that single-agent gemcitabine was probably as efficacious as 
etoposide/cisplatin (Table 50.6). It should be noted, however, that these were randomized phase II trials, and thus not powered to detect small differences between 
the arms.



TABLE 50.6. RANDOMIZED PHASE II/III STUDIES OF GEMCITABINE IN ADVANCED NSCLC

Three randomized phase III studies have been conducted with cisplatin and gemcitabine ( Table 50.6). A multicenter randomized study involving previously untreated 
patients with advanced NSCLC compared cisplatin (100 mg/m2 day 1) with and without gemcitabine (1,000 mg/m2 days 1, 8, and 15 of a 28-day cycle). An interim 
analysis of the results reported a 31% response rate on the gemcitabine/cisplatin arm compared to a 9% response rate on the cisplatin alone arm (p = 0.0001). 55 
Updated results presented at the American Society of Clinical Oncology (ASCO) meeting in 1998 confirmed an improvement in median and one-year survival with 
cisplatin and gemcitabine (9.0 months and 39%, respectively) compared to cisplatin alone (7.6 months and 28%, respectively). 56

A phase III European study randomized patients with advanced NSCLC to either gemcitabine/cisplatin (1000 mg/m 2 of gemcitabine on days 1, 8, and 15 of a 28-day 
cycle plus 100 mg/m2 of cisplatin on day 2) or to mitomycin (6 mg/m2 day 1), ifosfamide (3 gm/m2 day 1), and cisplatin (MIC) (100 mg/m2 on day 2 of a 28-day cycle). 57 
A significant improvement in overall response rate was observed (40% for the gemcitabine/cisplatin arm compared to 28% in the MIC arm; p = 0.03). Median survival 
was not different between the two arms (35 weeks in the gemcitabine/cisplatin arm and 38 weeks in the MIC arm).

A randomized study comparing gemcitabine/cisplatin to etoposide/cisplatin was conducted by the Spanish Lung Cancer Group. 58,59 Results demonstrate a 
significantly higher overall response rate in the gemcitabine/cisplatin arm (40.6%) compared to the cisplatin/etoposide arm (21.9%). 60 Overall survival was 8.7 months 
for the gemcitabine/cisplatin arm compared to 7.0 months in the cisplatin/etoposide arm (p = 0.18) One year survival was 32% from gem/CIS versus 26% from 
CIS/etop.

TIRAPAZAMINE

Tirapazamine is a novel bioreductive agent with selective cytotoxicity against hypoxic cells in preclinical models. The drug is converted to the biologically active, 
free-oxidizing radical in a reversible reaction driven by low oxygen concentration and catalyzed by cytochrome P450. The oxidizing radical abstracts hydrogen from 
DNA, resulting in single- and double-strand breaks. In in vitro and in vivo models, tirapazamine synergizes with cisplatin.

A randomized trial involving 446 patients with stage IIIB disease with pleural effusion or stage IV disease randomized patients to receive tirapazamine plus 75 mg/m 2 
of cisplatin versus cisplatin alone. 61 The combination resulted in a 27% response compared to a 14% response rate observed with cisplatin alone (p < 0.001) and a 
superior median survival of 35 weeks versus 28 weeks, respectively (p = 0.0078). The one-year survival with tirapazamine/cisplatin was 33% compared to 21% with 
cisplatin alone (p = 0.042).

STANDARD OF CARE IN 2000?

These data regarding the different new possible combinations should be interpreted with caution. First, significant differences in patient populations (performance 
status and stage) can be found among different trials. For example, although administration of cisplatin on days 2 or 15 has been reported to be more efficacious than 
administration on day 1 in phase II studies with gemcitabine, 62 the day 2 and 15 studies tended to have more patients with stage IIIA and IIIB disease. Secondly, stage 
IIIB patients tend to be a heterogeneous group, with some trials allowing any clinical stage IIIB patients, whereas other trials restrict patients to stage IIIB with plueral 
effusion or pathologically confirmed stage IIIB. Differences in performance status are also critically important. Finally, retreatment of patients on clinical trials with 
second-line therapy (or in many cases, the crossover drugs) has complicated interpretation of these studies. Thus no definitive statement can be made as to which of 
these many combinations is “best.” Because not all studies are positive, the need for confirmatory, controlled studies is crucial. 25,38 Randomized cooperative group 
studies comparing these different combinations are ongoing or planned ( Table 50.6).

SYMPTOM CONTROL

Numerous studies have shown that chemotherapy improves symptom control.63 For example, in a Canadian study, bleomycin, etoposide, and cisplatin controlled 
cough, hemoptysis, and pain in two-thirds of advanced NSCLC patients; one-half of the patients experienced an improvement in fatigue, and more than 40% of 
patients experienced a reversal of weight loss. 64 A Spanish study reported that 17 of 19 patients with stage III and IV NSCLC (89%) treated with combination 
chemotherapy with high-dose cisplatin gained weight; 10 of 20 patients (50%) who presented with anorexia improved; 7 of 15 patients (47%) had an improvement in 
pain; hemoptysis disappeared in 10 of 11 patients (91%); 7 of 9 patients had an improvement in dyspnea (78%); and asthenia was attenuated in 8 of 16 patients 
(50%).65 Similarly, a trial conducted by Memorial Sloan Kettering, in which 85 patients with stage III or IV were treated with EDAM, mitomycin, and vinblastine, also 
reported a significant improvement in symptoms. Sixty-two percent gained weight with treatment, and performance status improved in 44% of patients. 66 In a European 
study involving 161 patients with stage IIIB or IV NSCLC treated with gemcitabine, improvements in performance status, weight, analgesic requirement, pain, and 
other disease-related symptoms such as cough, dyspnea, hemoptysis, anorexia, and somnolence were also noted. 67 A second European study evaluated vinorelbine 
in elderly patients (>70 years old) with advanced NSCLC; performance status improved in 26% of patients, cough and pain improved in more than 49% of patients 
symptomatic at entry, dyspnea improved in 28%, and approximately one-half of the patients had stabilization of their symptoms. 68

Fewer studies have carried out formal quality-of-life (QOL) analysis in NSCLC. The ECOG analyzed (QOL) in patients on E1594, a randomized study comparing 
cisplatin/etoposide to cisplatin/high-dose taxol/G-CSF to cisplatin and low-dose paclitaxel. 69 QOL was measured using the Functional Assessment of Cancer 
Therapy-Lung (FACT-L) at baseline, 6 weeks, 12 weeks, and 6 months. No difference existed between treatment arms on QOL scores, suggesting that QOL was not 
adversely affected by myalgias and neurotoxicities. A trial outcome index (TOI) was calculated, which combined the physical, functional, and lung cancer scores. TOI 
correlated with survival, but change from baseline to assessment had an even higher correlation, suggesting that baseline QOL may be used to stratify patients 
entering clinical trials, and that QOL change may be a predictor of survival.

An EORTC randomized study comparing paclitaxel/cisplatin to teniposide/cisplatin evaluated QOL with the EORTC QLQ-C30 and LC-13 instruments at baseline and 
every 6 weeks thereafter.30 Patients receiving paclitaxel/cisplatin achieved a better score at week 6 for emotional, cognitive, and social function, global health status, 
fatigue, and appetite loss, although this improvement was lost at 12 weeks. Peripheral neuropathy was higher in the paclitaxel arm. Similarly, a second European 
study comparing high-dose cisplatin to paclitaxel and cisplatin found that patients in the paclitaxel/cisplatin arm reported a better QOL using the EORTC QLQ-C30 
and LC-13 scale.29 Despite more neutropenia, peripheral neuropathy, and arthralgia/myalgia, patients receiving paclitaxel/cisplatin reported better physical functioning 
and significantly less nausea and vomiting, anorexia, and constipation than patients receiving high-dose cisplatin.

Two randomized studies from the United Kingdom evaluated mitomycin, cisplatin, and ifosfamide with thoracic radiotherapy in stage III NSCLC, and with best 
supportive care in stage IV disease. In both stages combination chemotherapy improved QOL and survival. 70

POOR PERFORMANCE STATUS PATIENTS

Patients with poor performance status (PS ³ 2) have traditionally done poorly on cooperative group clinical trials. ECOG retrospectively analyzed data from 1,960 
evaluable patients with advanced NSCLC treated on five ECOG protocols between 1981 and 1994. 71 Performance status was a significant prognostic factor in 



predicting survival with patients with a PS of 0 having a median survival of 9.4 months compared to 3.3 months with a PS of 2. SWOG analyzed more than 2,500 
patients with advanced NSCLC entered on clinical trials from 1974 to 1988. 16 Performance status was an independent prognostic predictor; patients with a PS of 0 or 
1 had a median survival of 6.4 months and a 20% one-year survival, compared to a 3.4 months median survival and 9% one-year survival for patients with a 
performance status of more than 2.

Patients with a PS of 2 or greater not only are less likely to respond to chemotherapy and have an improvement in survival, but they are also more likely to experience 
toxicity. The four-arm ECOG trial by Ruckdeschel et al. discussed earlier, reported that PS 2 patients did significantly worse, with a 10% rate of treatment-related 
deaths.14 Although their response rate did not differ significantly (PS0 = 26%, PS1 = 25%, PS2 = 20%), the median survival of PS 2 patients was significantly worse 
(median survival PS0 = 36 weeks; PS1 = 26 weeks, and PS2 = 10 weeks; p = 0.001). The current ECOG study, E1592, originally allowed patients with a PS of 0–2 to 
be entered. However, based on preliminary data suggesting a higher number of grade 3–5 adverse reactions in patients with performance status of 2, ECOG 
subsequently revised the study to limit it to patients with a PS of 0 or 1. Thus treatment of poor performance status patients cannot be recommended as because 
these patients tend to experience increased toxicity and decreased survival, and are unlikely to derive any clinical benefit.

SECOND-LINE THERAPY

Given the activity of some of the new compounds as first-line treatment for advanced NSCLC, it is reasonable to consider whether these drugs have activity as 
second-line agents.

Somewhat surprisingly, however, relatively few trials have rigorously examined the activity of second-line chemotherapy in NSCLC. Furthermore, these trials in 
general have not been well controlled for performance status, time to recurrence, and initial sensitivity or refractoriness to first-line chemotherapy. The greatest 
experience with second-line chemotherapy is with docetaxel. Two identical studies were conducted at the MD Anderson Cancer Center and the University of Texas at 
San Antonio, in which patients with locally advanced or metastatic disease whose disease was refractory to at least one prior cisplatin-containing regimen received 
100 mg/m2 of docetaxel every 3 weeks.47 Patients were defined as platinum-resistant if they showed an initial response or stable disease to a platinum-containing 
regimen but then subsequently progressed, and platinum-refractory if they progressed during a platinum-containing regimen. Seventy-six of eighty-eight patients had 
a performance status of 0 or 1; 16% had stage III disease and 84% had stage IV. Fifty-eight percent were platinum-resistant and 42% were platinum-refractory. 
Fourteen of seventy-one evaluable patients (19.7%) achieved a partial response to treatment; the median survival was 9 months and one-year survival rate was 40%. 
Outcome results were not broken down by whether patients were platinum-resistant or platinum-refractory.

The authors subsequently retrospectively compared their data to a cohort of 36 NSCLC patients who would have met the entry criteria of advanced disease failing one 
platinum-based regimen and other similar patient criteria. 72 Both groups were balanced in stage, age, gender, histology, amount of prior chemotherapy, and response 
to first-line therapy, although more patients in the historical control arm (7/36) had a performance status of 2 compared to the docetaxel arm (2/44). Median survival 
was 42 weeks for the docetaxel-treated patients compared to 16 weeks in the historical control group, with one-year survivals of 39% and 16%, respectively (p = 
0.003). An analysis of performance status of 0 or 1 only patients also showed a higher median survival and one-year survival in the docetaxel arm (42 weeks and 
42%; n = 42) compared to the historical control patients (16 weeks and 16%; n = 29); (p = 0.018).

A multicenter phase II trial of docetaxel was recently conducted in platinum-treated NSCLC. 48 The results of this trial are somewhat lower than the MD Anderson and 
San Antonio trials; 12 of 80 patients responded (15%), with a median survival of 7 months and one-year survival of 25%. Confirmation of the activity of docetaxel as 
second-line treatment for NSCLC awaits the results of two phase III trials comparing docetaxel to best supportive care or a “control arm” of vinorelbine or ifosfamide.

The second-line activity of the related taxane, paclitaxel, has also been evaluated as a single agent. In a phase II study of 40 patients with metastatic NSCLC who had 
failed one prior platinum-containing regimen, only one partial response was observed out of 35 patients. 73 Median time from last treatment was 2 months; 68% of 
patients had a performance status of 0 or 1 and 32% had a performance status of 2. A second trial observed two responses out of 14 patients (14%) and a median 
survival of 120 days, although 5 patients were alive at 202 to 320 days. 74 A phase I dose-seeking study of paclitaxel reported that 6 of 16 patients who had received 
prior chemotherapy responded to 200 mg/m2 of paclitaxel given over a one-hour infusion, whereas 0 of 10 patients responded to 135 mg/m 2.75

Despite the reported phase II activity of paclitaxel and carboplatin as a first-line treatment for advanced NSCLC, 31,32 no responses were observed in 17 previously 
treated patients who received paclitaxel (200 mg/m2 administered over 1 to 3 hours) and carboplatin at an AUC of 6. 76 However, 7 of 18 partial responses were 
observed in previously treated patients receiving ifosfamide and 250–300 mg/m 2 of paclitaxel.77 Twelve responses were observed in 17 previously treated patients 
treated on a phase I/II trial of mitomycin-C, 150 mg/m2 of paclitaxel, and metronidazole.74,78

Vinorelbine has been shown to have modest activity as a single agent for the first-line treatment of advanced NSCLC. 21,22 However, no responses were observed in 
two phase II trials involving 15 and 18 pretreated patients. 79,80 When combined with 175 mg/m2 of paclitaxel, three partial responses were observed in 17 patients with 
refractory disease, with a median survival of 179 days. 81 A randomized trial comparing vinorelbine to docetaxel has recently been completed.

Gemcitabine has also been evaluated in several phase II trials in previously pretreated patients with relapsed or recurrent NSCLC. A phase II study of single-agent 
gemcitabine (1,000 mg/m2 weekly for 3 weeks out of 4) in 86 patients with advanced NSCLC previously treated with a platinum-containing regimen was recently 
reported.82 Sixty-seven patients had received one prior chemotherapy; 13 patients had received two or three prior regimens, and two had received prior adjuvant 
therapy. Twenty-four of the eighty-three patients had initially responded to cisplatin-based chemotherapy. Sixteen partial responses (19%) were noted. Median 
duration of response was 29 weeks, median survival was 34 weeks, and one-year survival was 45%.

1,000 mg/m2–1,250 mg/m2 of gemcitabine was administered to 28 patients with a PS of 0–2 and advanced NSCLC who had progressed after prior 
carboplatin/paclitaxel, including 22 patients with refractory disease (had not responded to prior carboplatin/paclitaxel), six who had progressed within 3 months of 
treatment (resistant), and 6 who had progressed more than 3 months of prior response to carboplatin paclitaxel (sensitive). 83 Five of twenty-four evaluable patients 
(21%) responded, including two patients who were refractory to prior carboplatin/paclitaxel. Median time to progression was 86 days, and median survival had not 
been reached at more than 4 months.

The Greek Lung Cancer Cooperative Group conducted a phase II trial of gemcitabine (900 mg/m 2 on days 1 and 8) and paclitaxel (175 mg/m2 on day 8 over 3 hours) 
with G-CSF.84 Forty-nine patients with a PS of 0–2 who had failed prior cisplatin-based therapy were treated; 27 had also received docetaxel. Two patients (4%) 
achieved a complete response and eight patients (14%) achieved a partial response for an overall response rate of 18%. The median survival was 11 months.

In conclusion, the results of these studies suggest that single-agent docetaxel or gemcitabine may have activity as second-line agents in this disease, as might higher 
doses of paclitaxel in combination with vinorelbine, ifosfamide, or mitomycin C. These results, however, should be interpreted with caution until they can be confirmed 
in larger, multi-institutional, randomized studies. The patient populations that are included in most of these trials generally include good performance status patients. 
Furthermore, response to prior therapy and time to relapse has clearly been shown to be a significant prognostic factor in second-line therapy of small cell lung 
cancer (SCLC)85; this has not been rigorously reported or controlled for in many of these trials.

FUTURE DIRECTIONS

Several different chemotherapy regimens are currently being explored for metastatic NSCLC. These include the evaluation of non–cisplatin-based therapies involving 
combinations of gemcitabine, one of the taxanes, or vinorelbine. Another approach that is being considered includes combining three drugs (triplets), and some of 
these combinations have been reported to be well tolerated with somewhat attenuated doses of the drugs. 86 An alternative approach under investigation includes the 
utilization of “alternating doublets,” in which cycles of a two-drug combination are alternated with a different, non–cross-resistant two-drug combination. Yet another 
approach involves sequential therapy, such as four cycles of one combination followed by two to four cycles of another regimen.

As these trials near completion, it is appropriate to consider additional prospects that may be available for the treatment of this disease. Many of these new 
approaches involve exploration of new treatments with a biologic basis. Although many of these treatments are in the earliest stage of development, some examples 
are worth mentioning to demonstrate the future potential of these approaches.

One of the most exciting areas currently being explored is in the area of antiangiogenesis and inhibition of the metastatic process. Continued growth and spread of 



tumors involves several different cellular processes regulating extracellular matrix (ECM) remodeling, tumor cell invasion and migration, and tumor neovascularization. 
Tumor neovascularization is a complex process that includes the activation, proliferation, and migration of endothelial cells, disruption of vascular basement 
membranes, and development of vascular tubes and linkage to preexisting vascular networks. 87

All these tightly regulated processes involve the interaction of a variety of molecules, including adhesion molecules such as integrins, which modulate 
cell/extracellular matrix interactions. By regulating binding with such ECM components as collagen, fibronectin, and laminin, these proteins may play a role in cell 
adhesion, migration, blood vessel morphogenesis, and structural integrity. 88 Matrix metalloproteinases (MMPs) are a family of at least 11 proteolytic enzymes that 
degrade components of the ECM, including collagen and proteoglycan. Two MMPs in particular (MMP-2, or gelatinase A; and MMP-9, or gelatinase B) have been 
found to be expressed in human NSCLC cells, and their expression is correlated with pathologic invasiveness, suggesting an important role for these enzymes in 
tumor cell and endothelial cell invasion. 89,90 and 91 Angiogenesis itself is regulated by such positive growth factors as vascular endothelial growth factor (VEGF) and 
basic fibroblastic growth factor (bFGF); it can be inhibited by endogenous growth factors such as angiostatin or transforming growth factor beta (TGF-b).

All of these processes, therefore, would appear to play critical roles in the growth and spread of cancer cells, and are being investigated as targets for anticancer 
therapy. Thus anti-integrins, MMP inhibitors, and angiogenesis inhibitors and antibodies are currently in phase I, phase II, and in some cases, phase III trials. For 
example, an antiangiogenic humanized monoclonal antibody to the vascular integrin a vb3 is undergoing clinical study in a phase I trial; one partial response has been 
reported.93 Several MMP inhibitors are completing phase I and II studies, and are either in, or about to begin, phase III testing in SCLC or NSCLC. These compounds 
include products by Bayer (Bayer 12-9566), 94 Agaroun (AG3340),95 and British Biotech.96 A phase I trial of recombinant humanized monoclonal antivascular 
endothelial growth factor (anti-VEGF) was recently completed, in which anti-VEGF was reported to be well tolerated. 97 Direct endothelial inhibitors under investigation 
include TNP-470, a synthetic analog of fumagillin 98; squalamine, an aminosterol derived from the soft tissues of sharks 99; and thalidomide.100 Thalidomide is an oral 
agent that was originally introduced as a sedative and antimetic but was quickly taken off the market when it was found to induce catastrophic fetal abnormalities. It 
has since been postulated that limb defects seen with the drug were secondary to an inhibition of blood vessel growth in the developing fetal limb bud, and its 
antiangiogenesis properties have been demonstrated in a rabbit cornea micropocket assay. 101 Clinical trials are underway in hormone-refractory prostate cancer, 
metastatic breast cancer, Kaposi's sarcoma, glioma, melanoma, renal cell, and ovarian cancer. 100,102 Thus many of these compounds are about to enter phase III 
testing in combination with standard cytotoxic drugs in the cooperative group setting for locally advanced or metastatic SCLC or NSCLC.

Another major area of research in the biologic treatment of NSCLC involves manipulation of the molecular biology of the disease. The p53 tumor-suppressor gene is 
the most commonly mutated gene in human cancers, and is mutated in approximately 50% of NSCLCs. A retroviral vector and adenoviral vector containing the 
wild-type p53 gene have been directly injected into human NSCLC and head and neck squamous cell carcinomas. 103,104 (see also Chapter 6). No clinically significant 
vector-related toxicities have been observed, and vector-p53 expression and increased apoptosis has been detected in posttreatment tumor biopsies. These 
approaches are about to be tested in bronchoalveolar carcinomas and in combination with radiation therapy within the ECOG.

The HER-2neu gene encodes for a growth factor receptor that signals the cell to enhance growth and has been associated with a poor outcome in metastatic breast 
cancer. A humanized anti-HER2neu antibody increases anticancer activity to first-line chemotherapy in women with HER2 neu overexpressing breast cancer.105 
Approximately one-fourth of lung cancers also overexpress the HER2 neu protein, although probably not to the same intensity as breast cancer; studies are being 
planned to determine the prognostic significance of HER2 neu overexpression in NSCLC and the possible therapeutic benefit of the anti-HER2 neu antibody (see also 
Chapter 4).

Thus the new treatments that are likely to be employed at the turn of the century will probably include agents other than traditional cytotoxic agents that attack normal 
and tumor cells alike. Instead, agents that specifically target abnormal cancer cells will continue to be developed, hopefully with increased specificity and decreased 
toxicity. A challenge will be how to incorporate these newer biologic agents with standard chemotherapeutic agents. The optimal clinical setting for their use will need 
to be identified—for example, immediately following surgery in patients with micrometastatic disease? In the setting of locally advanced, inoperable disease? To 
prevent the progression of metastatic disease? Following primary therapy, or in conjunction with chemoradiation therapy? Appropriate end points for clinical trials will 
need to be rethought: survival, time to progression, or response rates? The classic pathway of drug development from phase I to phase II to phase II trials will also 
need to be examined if survival is the primary end point, but the difficulties associated with conducting numerous large, randomized phase III trials with limited 
resources will need to be addressed. These challenges and others will provide continued interest in the development of new approaches to the treatment of advanced 
NSCLC, and hopefully ultimately result in better therapies for patients.
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In order to gain an appropriate perspective regarding second-line chemotherapy for relapsed non–small cell lung cancer (NSCLC), one must first consider the relative 
benefits of chemotherapy in the first-line setting. A metaanalysis of the eight randomized studies comparing cisplatin-based combination chemotherapy to best 
supportive care for advanced NSCLC has shown a modest, although statistically significant, impact on survival; median survival improved from 17 weeks to 27 weeks, 
and one-year survival increased from 5% to 15% in patients who received chemotherapy. 1,2 In one of those studies, the cost of the outpatient chemotherapy arm was 
actually less than best supportive care. 3,4 and 5 Experience with some of the newer agents such as paclitaxel, docetaxel, gemcitabine, vinorelbine, and CPT-11 has 
been encouraging, with more favorable median survivals in the range of 40 weeks. Although this success may be due, in part, to the effects of stage migration and 
better supportive care measures, certainly improvements in survival also reflect more active agents for NSCLC.

Despite the marginal benefit of chemotherapy for this disease, it has become customary to at least offer a trial of front-line systemic chemotherapy, usually with a 
platinum-based combination regimen, to patients with advanced NSCLC who have an acceptable performance status (i.e., 0 or 1, and possibly 2), and who are 
otherwise in good health. This practice is reasonable provided that the patient is fully aware of the risks of treatment and understands that the positive impact of 
therapy on quality of life and/or survival may be marginal.

Because the benefits of first-line platinum-based chemotherapy for advanced NSCLC are modest, the indications for second-line treatment of the patient who has 
failed initial chemotherapy are equally debatable. Nonetheless, many such patients do request of their medical oncologist a trial of second-line therapy, and we need 
to develop rational and cost-effective guidelines to follow in this setting.

DOCETAXEL

Docetaxel (Taxotere) is a taxane that, as a first-line agent for good performance status patients with advanced NSCLC, has shown consistent activity for NSCLC. 
Response rates have ranged from 24% to 34% at a dose of 100 mg/m2 over 1 hour every 3 weeks.6,7,8,9,10,11,12,13,14 AND 15 Average median survival in 
chemotherapy-naive patients is 39 weeks and one-year survival is 34%.

Docetaxel has also been systematically evaluated in the second-line setting for patients with NSCLC whose disease has progressed or failed to respond to first-line 
platinum-based chemotherapy. Four phase II studies that were designed specifically to evaluate the efficacy of docetaxel in the second-line setting have consistently 
demonstrated its activity as a second-line treatment (Table 51.1). Eligibility requirements for these trials included unresectable or stage IV disease and a performance 
status of 0–2. Patients must have received and failed at least one prior platinum-containing chemotherapy regimen (cisplatin and/or carboplatin). Docetaxel was 
administered at 100 mg/m2 as a one-hour infusion every 21 days.

TABLE 51.1. AN OVERVIEW OF PHASE II TRIALS OF SINGLE-AGENT DOCETAXEL IN PREVIOUSLY TREATED NSCLC16,17,18 and 19

A total of 166 patients were treated in these four phase II studies. Most patients had a very good performance status (0 or 1) despite their advanced disease and 
extensive prior therapy. Most patients had stage IV disease, and the predominant histology was adenocarcinoma. Response rates were consistent and ranged from 
15% to 22%. Median survival ranged from 5.8 to 11 months, and estimated one-year survival ranged from 25% to 40%.

The survival outcome of these trials compares favorably to that of historical controls as determined in a retrospective review done at M.D. Anderson Cancer Center 
(MDACC).20 For that analysis we identified a cohort of 36 patients with advanced NSCLC who were enrolled in a variety of phase I studies at M. D. Anderson after 
having failed standard front-line combination chemotherapy. Both the docetaxel group (N = 44) and the historical controls (N = 36) were well balanced with regard to 
age, gender, stage, histology, number of prior chemotherapy cycles, and response to front-line combination chemotherapy. Median survival (all patients) was 42 
weeks for the docetaxel patients versus 16 weeks for the historical control group, and one-year survival was 41% (docetaxel) versus 16% (controls); this difference 
was statistically significant (p = 0.003). Because the control group had more patients of performance status 2 (which might have skewed the survival in favor of the 
docetaxel arm), we calculated survival for the good performance status (i.e., 0 or 1) patients only. That analysis also showed a statistically significant improvement in 
survival for the docetaxel patients: median and one-year survivals were 43 weeks and 42% (N = 42) versus 16 weeks and 16% for the 29 historical controls (p = 
0.018).

The most compelling evidence to support the activity of docetaxel in the second-line setting comes from two recently completed large, randomized phase III trials that 
compared docetaxel to either a comparator regimen of chemotherapy21 or to best supportive care.22 (Table 51.2).



TABLE 51.2. PHASE III TRIALS OF DOCETAXEL IN THE SECOND-LINE TREATMENT OF NON–SMALL CELL LUNG CANCER21,22

The first of these phase III trials 21 was a multicenter U.S. trial. Eligible patients had locally advanced or metastatic NSCLC, which had progressed on or after at least 
one prior platinum-based chemotherapy regimen. There was no restriction on the number of prior cycles or regimens of chemotherapy, and, in particular, patients 
treated with prior paclitaxel were eligible for the study. Prior XRT was allowed. Patients must have had a performance status of 0–2. Patients with treated brain 
metastases were included.

Patients were stratified by their best response to prior platinum-based chemotherapy and performance status, and then randomized to either docetaxel 100 mg/m 2 
every 3 weeks, docetaxel 75 mg/m2 every 3 weeks, or a comparator arm of either vinorelbine 30 mg/m2 per week or ifosfamide 2 gm/m2 for 3 days every 3 weeks. 
Responses were assessed every two cycles. A total of 373 patients were enrolled, and their key patient characteristics are summarized in Table 51.2. Note that, 
despite being heavily pretreated, less than 20% of patients had performance status 2, and this was equally distributed across the three arms. The predominant 
histology was adenocarcinoma. Approximately 90% of patients across the three groups had stage IV disease. Approximately 30% of patients had received two or 
more prior chemotherapy regimens, and prior treatment included paclitaxel in 30% to 40% of patients.

Results of the trial are summarized in Table 51.2. Partial response rate was 11.9% with docetaxel 100 mg and 7.5% with docetaxel 75 mg, both significantly greater 
than the 1% response noted in the control group. Median response duration was over 7 months. Interestingly, prior exposure to paclitaxel had no bearing on the 
likelihood of response to docetaxel.

Overall time-to-progression analysis (TTP) for the intent-to-treat (ITT) population favored treatment with docetaxel 100, and 26-week progression-free survival favored 
treatment with either docetaxel arm. The 26-week progression-free survivals were 19% with docetaxel 100 mg and 17% with docetaxel 75 mg, each being significantly 
greater than the 8% 26-week progression-free survival seen in the control group.

Survival analysis (ITT) showed no difference in overall survival by log-rank analysis, with median survival of approximately 5.6 months in the three groups. However, 
the one-year survival favored treatment with docetaxel 75 mg/m2. The one-year survival was 32% for the docetaxel 75 mg group compared to 21% with docetaxel 100 
mg and 19% in the control group. The difference in survival favoring docetaxel 75 mg was statistically significant. More than one-third of patients in each group 
received subsequent chemotherapy upon removal from this trial (including taxane therapy in 21% of patients in the control group). Because of the potential impact on 
survival such subsequent therapy may have had, we therefore generated an ITT survival curve in which survival observations were censored at the point at which 
patients received subsequent chemotherapy treatment. We observed in this ITT analysis that one-year survival significantly favored treatment with either docetaxel 
arm. The one-year survival was 32% with either docetaxel 100 mg or docetaxel 75 mg, compared to 10% one-year survival in the comparator group; these differences 
were highly statistically significant.

Quality-of-life analysis, which was evaluated prospectively using the LCSS, showed a trend favoring docetaxel 100 mg over the control treatment in all parameters 
considered, and favoring docetaxel 75 mg in all but two parameters. Several of these parameters reached statistical significance.

Grade 4 neutropenia and febrile neutropenia occurred with greater frequency in both docetaxel arms compared to the control group; documented infection and grade 
4 thrombocytopenia, however, were equivalent across all three arms. G-CSF use was greatest with docetaxel 100 mg, at 28% of cycles, but was comparable between 
docetaxel 75 mg and the control group. Severe nonhematologic side effects, including treatment-related death, were equivalent across the three groups.

The second of these phase III trials was reported by Shepherd. 22 In this multicenter international trial, patients with advanced NSCLC, which had progressed on or 
after at least one prior platinum-containing chemotherapy regimen, were randomly assigned to receive either docetaxel or best supportive care. The initial dose of 
docetaxel was 100 mg/m2, but this dose was changed midway into the trial because of toxicity to 75 mg/m 2.

A total of 204 patients were enrolled in this trial: 49 received docetaxel 100 mg/m 2, 55 received docetaxel 75 mg/m2, and 100 received best supportive care. Patient 
characteristics are summarized in Table 51.2. Twenty-four percent of patients had a performance status of 2, and approximately 80% had stage IV disease. 
One-quarter of patients had received two or more prior chemotherapy regimens. The median number of cycles of treatment received was two and four for patients 
receiving 100 mg/m2 and 75 mg/m2, respectively.

Results are shown in Table 51.2. Partial response was observed in 6% of patients treated with docetaxel, and median response duration was 26 weeks. Overall 
survival favored treatment with docetaxel 75 mg/m2. Median survival was 9.0 versus 4.6 months (p = 0.016), and one-year survival was 40% versus 16% (p = 0.016). 
The incidence of grade 3 or 4 neutropenia and febrile neutropenia were highest with docetaxel 100 mg/m 2. With docetaxel 75 mg/m2, grade 3 or 4 neutropenia was 
higher than with best supportive care (43% versus 0%); however, no other significant differences in side effects were seen between the docetaxel 75 mg/m 2 arm 
compared to best supportive care. Quality-of-life analysis also showed statistically significant improvement in disease-related symptoms as compared to best 
supportive care.

In conclusion, two large randomized phase III trials of second-line chemotherapy for NSCLC have shown significant differences favoring docetaxel for response rate, 
TTP and one-year survival as compared to either a comparator chemotherapy regimen or best supportive care. Quality-of-life analysis also showed a strong trend 
favoring docetaxel. Interestingly, prior exposure to paclitaxel did not decrease the likelihood of response to docetaxel (in the one trial where this was looked at), 
suggesting a lack of complete cross-resistance between these two taxanes. Docetaxel appears to offer clinically meaningful benefit in this setting, with manageable 
toxicity. Based on the observed response rates, survival, impact on quality of life, and toxicity profile, the optimal dose of docetaxel in this heavily pre-treated 
population is 75 mg/m2 every 3 weeks.

PACLITAXEL

The related taxane, paclitaxel (Taxol), has a single-agent response rate of 10% to 36% in good performance status chemotherapy-naïve patients with advanced 
NSCLC when given at doses of 200 to 250 mg/m2 over 24 hours23,24 or at 135 to 225 mg/m2 over 1 to 3 hours.25,26,27 and 28 Median and one-year survivals in the 
front-line setting average approximately 29 weeks and 40%.

The seven studies that report on paclitaxel's activity as second-line therapy for NSCLC show conflicting results: four are negative, two equivocal, and one 
positive.25,29,30,31,32,33 and 34 However, interpretation of these data is somewhat hampered by the fact that the trials used varying doses and schedules of paclitaxel, 
patient numbers are small, some of the trials include both chemotherapy-naïve as well as pretreated patients so that the data regarding second-line activity must be 
teased out, and most are reported in abstract form only with limited details.

In a study done at MDACC through the Community Clinical Oncology Program (CCOP). 29 40 NSCLC patients who had failed one prior platinum-containing 
chemotherapy regimen were treated with paclitaxel 175 mg/m2 over 24 hours every 3 weeks. One-third of patients had a performance status of 2. Only 1 of 37 
evaluable patients (3%) had a partial response (as compared to a response rate of 24% in a chemotherapy-naïve population reported by the same group). Median 
survival was 17.5 weeks and one-year survival was 16%.

In a trial reported by Socinski, 30 13 patients with NSCLC, which had recurred after prior platinum-based chemotherapy, were treated with paclitaxel 140 mg/m 2 as a 
96-hour infusion every 3 weeks. No objective responses were noted, although eight patients had stabilization of disease. Overall survival data were not reported.

Roa31 reported on 18 NSCLC patients who received as second-line treatment paclitaxel 200 mg/m 32 over 1 to 3 hours plus carboplatin at area under the curve (AUC) 
5 every 21 days (a regimen with which this group reported a 50% response rate in chemotherapy-naïve patients). All but two patients had received prior 
platinum-containing combination therapy (the other two had received a phase II drug). This abstract provided no details regarding performance status and survival. 
None of the 18 patients had response to the regimen in this second-line setting.



In Stewart's abstract.32 26 patients whose NSCLC had failed prior platinum-containing chemotherapy received paclitaxel at a starting dose of 135 mg/m 2 over 1 hour, 
which was escalated in approximately one-third of courses to 175 to 200 mg/m2 over 1 hour; paclitaxel was given with hydroxyurea 500 mg orally three times per 
week. Nineteen percent of patients were of performance status 2. None of the first 20 evaluable patients showed response to this regimen. Survival was not reported.

Two studies have reported a possible marginal response to paclitaxel given as second-line therapy for advanced NSCLC. Tan 13 reported 38 patients who received 
first- or second-line paclitaxel at either 175 mg/m 2 over 3 hours (five patients) or 135 to 400 mg/m2 over 24 hours (33 patients). Eleven patients received this treatment 
as second-line therapy after having failed front-line platinum-based chemotherapy (10 patients) or mitomycin/VP-16 (1 patient). Performance status and survival data 
are not reported, nor does this abstract provide sufficient detail about which patients received which dose of paclitaxel. Nonetheless, one of the eleven second-line 
patients (9%) responded to therapy. Ruckdeschel24 treated 14 patients who had failed prior chemotherapy (the details of which are not reported in this abstract) with 
paclitaxel at 200 or 250 mg/m2 (depending on whether the subject had received prior radiotherapy) over 24 hours. Forty-three percent of these patients had a 
performance status of 2. Two of fourteen patients (14%) achieved a partial response; median survival was 17 weeks.

These five negative or equivocal studies are countered by Hainsworth's trial 25 of 30 NSCLC patients receiving treatment in a second-line setting, having failed one or 
two prior chemotherapy regimens (26 with platinum-based chemotherapy, and 4 with other regimens of known front-line activity). Patients were randomly assigned to 
either paclitaxel 135 mg/m2 over 1 hour (10 patients) or 200 mg/m2 over 1 hour (20 patients); the calculated dose was given either on 1 day or divided over 3 
consecutive days. Neither performance status nor survival data is reported. None of the 10 patients treated at the 135 mg/m 2 dose level had response, but 6 of 16 
evaluable patients at the 200 mg/m2 dose (38%; 30% of ITT population) had a partial response to the second-line paclitaxel.

Given these conflicting data and varying study designs, it is difficult to draw definite conclusions regarding the role of paclitaxel in the second-line treatment of 
NSCLC. Larger trials using a consistent and effective dose and schedule of paclitaxel in a well-defined patient population are needed to clarify this issue. These 
studies ideally should randomize patients between paclitaxel versus either best supportive care or some other meaningful control arm to document not only response 
rate but also the drug's impact on survival and quality of life in these heavily poor prognosis patients.

VINORELBINE

Vinorelbine (Navelbine) is a novel vinca alkaloid. In chemotherapy-naïve patients with advanced NSCLC, the response rate to vinorelbine is in the range of 12% to 
30%; median survival is about 30 weeks and one-year survival is 25% to 30%. 35

Three European studies have been reported evaluating vinorelbine's activity against NSCLC in the second-line setting. Pronzato 36 studied 15 NSCLC patients who 
failed previous treatment with platinum-based (13 patients) or mitomycin-based (2 patients) combination chemotherapy. Performance status was not reported. None of 
the 14 evaluable patients responded to second-line treatment with vinorelbine at 25 mg/m 2 per week. Median survival for the group was 13 weeks.

Rinaldi37 studied 18 NSCLC patients who had progressed while receiving platinum-based combination chemotherapy. These patients received second-line vinorelbine 
at 20 mg/m2 per week. None of the 18 patients had a response to treatment (as compared to 2 of 9 chemotherapy-naïve patients enrolled in the same study). Neither 
performance status nor survival data were reported in this abstract.

Finally, in a small study reported by Santoro 38 2 of 10 NSCLC patients, all with a performance status of 1, had a partial response to vinorelbine 30 mg/m 2 per week 
given as second-line treatment after prior chemotherapy. The relevance of this finding is difficult to ascertain, however, because this abstract provides no details 
about the prior chemotherapy the patients received.

GEMCITABINE

The nucleoside analog, gemcitabine (Gemzar), is an active drug for NSCLC. Several phase II trials show single-agent activity for advanced disease consistently in the 
range of 20% to 25% when used as a first-line treatment. 39 The experience with gemcitabine in the second-line setting has been mixed.

Crino40 reported a trial of 32 patients previously treated with platinum-containing chemotherapy who were subsequently treated with gemcitabine 1,000 mg/m 2 per 
week for 3 weeks every 4 weeks (see also Chapter 50). Most patients had a performance status of 0–1, and 56% had stage IIIb disease. The drug was noted to have 
activity, with a 25% partial response rate (survival data were not reported). Similarly, Rosvold 41 reported on 24 evaluable patients with NSCLC whose disease 
progressed after initial therapy with carboplatin/paclitaxel, and who were subsequently treated with gemcitabine 1,000–1,250 mg/m 2 per week for 3 weeks every 4 
weeks. Partial responses were noted in 21% of patients (survival data pending).

Three other phase II trials show a significantly lower response rate of gemcitabine in the second-line setting. In a small study reported by Guerra, 42 11 evaluable 
patients with NSCLC previously treated with cisplatin-based chemotherapy were treated with gemcitabine 1,250 mg/m 2 per week for 3 weeks every 4 weeks. Only 1 of 
11 patients (9%) showed partial response, and overall median survival was only 17 weeks. Garfield 43 reported a trial in which 36 patients received second-line 
gemcitabine at one of two dose levels: 1,000 mg/m2 per week for 3 weeks every 4 weeks or 3,500 mg/m2 every other week. Only 1 of 36 patients (3%) had a partial 
response (survival not reported). Finally, Fukuoka 44 conducted a phase II trial of gemcitabine 800–1,000 mg/m2 per week for 3 weeks every 4 weeks for patients with 
advanced NSCLC who were both chemotherapy-naïve (42 evaluable patients) and previously treated (17 patients). This group reported no responses in the 17 
patients treated in the second-line setting, whereas a response rate of 17% was noted in the 42 chemotherapy-naïve patients (survival was not reported).

CAMPTOTHECINS

Approximately one-third of chemotherapy-naïve patients with advanced NSCLC respond to single-agent CPT-11 (irinotecan). 45 Although CPT-11 also shows good 
second-line activity against small cell lung cancer (SCLC), two Japanese studies evaluating its second-line efficacy for NSCLC are conflicting.

Negoro46 treated 26 “previously treated” (details of which are not reported) NSCLC patients with CPT-11 100 mg/m 2 per week, and observed no responses (versus a 
34% response rate in chemotherapy-naïve patients in the same study). In contrast, Nakai 47,48 has reported that 3 of 22 (14%) “previously treated” (again, the details 
are not available) NSCLC patients responded to second-line therapy with CPT-11 at 200 mg/m 2 every 3 to 4 weeks (with first-line response in the same study of 31%). 
The data on second-line activity of the related camptothecin, topotecan (Hycamtin), is limited to a single anecdotal report of a patient with NSCLC progressive on 
cisplatin/VP-16 who had a complete response to second-line topotecan. 49

CONCLUSIONS

In conclusion, phase II experience has shown consistent activity of docetaxel for NSCLC that has progressed after first-line platinum-based chemotherapy; this activity 
has been confirmed in two follow-up randomized phase III trials. These large multicenter phase III trials of almost 600 patients suggest that docetaxel does offer 
clinically meaningful benefit in good performance status patients. A statistically significant benefit of docetaxel over the control (vinorelbine or ifosfamide in one trial, 
and best supportive care in the other) was noted with respect to response rate, TTP, survival, and quality of life. Based on the observed activity and toxicity profile, the 
recommended dose of docetaxel in this heavily treated group of patients is 75 mg/m 2 every 3 weeks.

The related taxane, paclitaxel, has not been as systematically studied in the second-line setting, and available data are conflicting. Although one trial suggests that 
paclitaxel at 200 mg/m2 over 1 hour produces a respectable response rate in platinum-resistant patients, the cohort of patients studied was small and survival data are 
unavailable. In contrast, six other small studies have reported no or minimal second-line activity with paclitaxel (although a greater proportion of performance status 2 
patients were enrolled in these trials as compared to the docetaxel studies discussed, which may have affected the results).

Similarly, results of gemcitabine in the second-line setting have been conflicting. Two phase II trials have documented response rates as high as 25% in patients with 
advanced NSCLC whose cancer had progressed after first-line therapy. However, three other trials would suggest that activity of gemcitabine in the second-line 
setting may be minimal (at least as measured by objective response rate). The available data for second-line activity of vinorelbine and CPT-11 has been similarly 



disappointing (Table 51.3).

TABLE 51.3. PHASE II TRIALS OF SECOND-LINE CHEMOTHERAPY FOR STAGE IIIB/IV NSCLC: SINGLE-AGENT ACTIVITY16,17,18 and 19,25,29,30,31,32,33 and 34,36,37 and 

38,40,41,42,43 and 44,46,47,48 and 49

Given these data, a reasonable practice at this time would be to offer a trial of second-line chemotherapy with docetaxel 75 mg/m 2 every 3 weeks to patients with 
NSCLC who have failed first-line chemotherapy. However, because most of the subjects enrolled in the positive trials were in very good condition, the use of 
second-line therapy should probably be limited as well to good performance status patients (i.e., 0 or 1).
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Locally advanced, unresectable non–small cell lung cancer (NSCLC) represents approximately 35% to 40% of all newly diagnosed cases of NSCLC. 1 During the past 
two decades, the management of these patients has undergone considerable change. Whereas radiotherapy as a sole treatment modality was the norm prior to 1980, 
current management commonly entails the combination of radiotherapy with chemotherapy in selected patients with good performance status. 2 On rare occasion, 
surgical resection also is appropriate. Candidates for surgery and this approach are discussed in more detail in Chapter 44. Progress in the management of locally 
advanced NSCLC came about in part because of the recognition that cisplatin-based chemotherapy imparts a modest but real survival benefit even in patients with far 
advanced disease3,4 (reviewed in Chapter 50). With newer combination chemotherapy regimens containing vinorelbine, gemcitabine, or paclitaxel, additional albeit 
modest survival gains have been realized in recent years. 5,6,7,8 and 9 Thus the survival of individuals with locally advanced, unresectable NSCLC has improved in part 
because of more active chemotherapy regimens. However, improving local tumor control also is a key factor in optimizing survival. 10 The concepts and controversies 
surrounding the current management of locally advanced, unresectable NSCLC are reviewed in this chapter.

RADIOTHERAPY IN LOCALLY ADVANCED, UNRESECTABLE NSCLC

Historically, patients with locally advanced, unresectable NSCLC were treated with thoracic irradiation alone with a resultant five-year survival rate of 5% to 7%. 11 This 
narrow approach was based principally on the assumption that a small percentage of patients with localized tumor can be “cured” with thoracic radiotherapy (TRT). 
While radiotherapy can sterilize NSCLC within the irradiated field, and numerous retrospective single institutional studies indicate “curative” radiotherapy is 
associated with a five-year survival rate of 5% or more, it remains unclear if radiotherapy actually cures localized NSCLC. Indeed, it is entirely possible that the 
biology of certain tumors is such that a five-year survival is possible without any treatment, calling into question the curative potential of radiotherapy. 1,12

In support of a curative role for radiotherapy are the results of a randomized trial conducted by the Veterans Administration Study Group in the 1960s. 13 These 
investigators administered TRT (40–50 Gy in 4–6 weeks) or a placebo (lactose tablets) to NSCLC patients with unresectable, locally advanced tumors. Of note, 
patients with a Karnofsky performance status of less than 50% were included, as were some patients with small cell lung carcinomas (SCLCs). However, only 15% of 
participants had SCLC, and they were evenly distributed between the two arms. Patients with palpable supraclavicular lymph nodes were excluded. All patients 
received supportive care consisting of blood transfusions and antibiotics. A statistically significant survival advantage was demonstrated in the irradiated group, 
although the actual differences in median (142 days and 112 days) and one-year (18.2% and 13.9%) survivals were small and of questionable clinical relevance. This 
modest survival advantage prompted some experts to question the need for routine irradiation in asymptomatic patients. 14

Because the Veterans Administration study was carried out in an era prior to the widespread availability of megavoltage equipment and at a time when treatment 
planning was considerably less sophisticated, the results have been justifiably criticized as not being reflective of present-day radiotherapeutic capabilities. 15 In an 
effort to address some of these shortcomings, the Southeastern Cancer Study Group (SECSG) undertook a prospective trial employing megavoltage equipment. 12 
The study was planned and executed in the early 1980s. Patients were randomized to receive standard radiotherapy (60 Gy in 6 weeks) or no irradiation. The 
radiotherapy dose was based on the results of a landmark Radiation Therapy Oncology Group trial (RTOG 73-01) in which superior local control was achieved with 
high-dose irradiation administered without interruption over 5 to 6 weeks. 16 Given the strong prejudicial feelings regarding the curative potential of irradiation that 
existed at that time, it proved impossible to employ a placebo arm in the SECSG trial. Instead, patients randomized to the no radiotherapy arm received single-agent 
vindesine, which was believed to be one of the most active single chemotherapy drugs available at the time the study was undertaken. A third treatment arm consisted 
of standard TRT plus vindesine. Approximately 25% of the patients entered had stage I or II disease and were inoperable because of medical reasons or refusal to 
undergo thoracotomy. Patients were required to have a Karnofsky PS ³50%, and those with supraclavicular node involvement were included but represented less than 
5% of all cases entered. Patients who progressed on the vindesine arm were permitted to cross over to radiotherapy, and those who progressed after radiotherapy 
were allowed to receive vindesine. However, only one-third of the patients treated with vindesine actually crossed over to radiotherapy. There were no differences in 
the median survivals of the three treatment arms (TRT alone = 8.6 months, vindesine alone = 10.1 months; TRT + vindesine = 9.4 months), nor were long-term 
survival differences noted; five-year survivals = 3%, 1%, and 3%, respectively). 12 Other investigators have reported similar results. 17

Although the SECSG trial results came under sharp criticism from some experts, 18,19 the results nevertheless indicate that modern TRT, when used alone, is rarely 
curative in patients with locally advanced unresectable NSCLC. Undoubtedly, some would counter that present day radiotherapy with its improved technology and 
better treatment planning is likely to improve survival. However, one only has to review the results of several recent randomized trials employing a TRT-alone arm to 
dispel these beliefs. Even in highly selected patient subsets, median survival remains in the 9- to 11-month range, and long-term survival rarely exceeds 5% to 
6%.20,21 Thus it appears the use of conventional fractionation and scheduling of TRT is unlikely to yield substantial further improvements in survival without some 
additional therapeutic measures or technologic advances.

Analysis of treatment failure patterns provides clues as to how one might overcome the shortcomings of a treatment program and permit the development of new 
therapeutic strategies and protocols. Based on older literature, the principal cause of treatment failure in locally advanced NSCLC is typically presumed to be 
extrathoracic metastases. In RTOG 73-01, for example, between 40% and 65% of patients had recurrent disease identified first in extrathoracic sites. 22 Common sites 
of failure include the skeleton, liver, and central nervous system. Furthermore, as control of the intrathoracic tumor improves, the incidence of recurrence in 
extrathoracic sites increases. 22,23 and 24 However, local relapse remains a significant problem even when modern planning technology is employed. For example, 
French investigators found that more than 85% of patients had persistent local tumor when examined by bronchoscopy following a radiotherapy dose of 65 Gy. 25,26 and 

27 Others have identified similar high rates of local failure. 22,28

RTOG investigators have recently reviewed their patterns of treatment failure data derived from radiotherapy trials largely conducted during the 1980s 24 (Table 52.1). 
With radiotherapy alone, intrathoracic failure was documented as the initial site of failure in up to 60% of cases depending on the original histology of the primary 
tumor. Distant metastases as the initial failure site occurred in 40% to 70% of patients. Squamous carcinomas were found to have a higher incidence of local 
recurrence compared to adenocarcinomas and large cell carcinomas, whereas adenocarcinoma and large cell carcinomas were more likely to progress in the brain. 24



TABLE 52.1. INITIAL SITES OF RECURRENCE FOLLOWING TRT OR TRT PLUS CHEMOTHERAPY

Based on the aforementioned data, one might predict that chemotherapy would have a greater survival impact on nonsquamous histologies, whereas strategies 
designed to increase local control might have a greater impact on squamous carcinomas. Regardless, given these failure patterns, it is apparent that improved 
systemic and local therapies are required to improve survival in locally advanced NSCLC. 29,30

CHEMOTHERAPY IN LOCALLY ADVANCED, UNRESECTABLE NSCLC

Only a few antineoplastic agents have recognized activity against NSCLC. 9 In fact, much of what is known about the activity of chemotherapy in NSCLC has been 
derived from studies involving patients with metastatic disease (i.e., stage IV). In this setting, single agents seldom effect objective response rates greater than 15% to 
20%, and complete responses are exceedingly rare. Although combining multiple active agents improves overall response rates (20% to 40%), the impact of the 
higher response rates on survival in patients with stage IV NSCLC is at best modest and controversial. 31

Despite the relatively modest benefits seen in advanced NSCLC, good rationale for administering chemotherapy in less advanced disease still exists. 2,32,33,34 and 35 
Tumor volume is a well-recognized prognostic factor in most chemosensitive tumors. Less bulky tumors demonstrate higher objective response rates and improved 
survival presumably because they possess fewer drug-resistant cells and have a higher growth fraction, and possibly a better blood supply, all of which contribute to a 
greater sensitivity to chemotherapy agents.32 This phenomenon appears to hold true for NSCLC as well. Indeed, agents with only modest activity in advanced tumors 
are observed to effect much higher objective response rates in patients with stage III lesions. 2,33 Likewise, combination chemotherapy regimens appear to be more 
effective in locoregional NSCLC. 2,35,36 and 37 This relationship is perhaps best illustrated using data from an older study conducted by the European Oncology Radiation 
Therapy Council (EORTC).38 In the latter trial, 94 NSCLC patients received cisplatin (60 mg/m 2) and etoposide (120 mg/m2 per day for 3 days) and achieved an 
overall objective response rate of 38%. However, among the 40 eligible patients with previously untreated locoregional disease, the objective response rate was 
nearly twice that observed in patients with stage IV lesions (56% versus 32%, p = 0.038). Similar trends have been documented with newer chemotherapy regimens 
such as cisplatin and paclitaxel or cisplatin plus gemcitabine. 39,40

Although the higher objective response rates in locally advanced NSCLC cannot be assumed a priori to result in a survival benefit, 41 good circumstantial evidence 
suggests that the higher objective response rates observed in stage III disease are beneficial. To illustrate, Elliott and colleagues treated a group of patients with 
unresectable NSCLC with either vindesine alone or cisplatin plus vindesine. 42 Nearly 70% of the patients entered into the trial had locally advanced lesions; these 
patients were evenly divided between the two treatment arms. Patients given the combination chemotherapy regimen experienced a higher objective response rate 
and marked improvement in median survival compared to individuals given vindesine alone. The survival benefit was most apparent in patients with locoregional 
disease. Similar observations were made by ECOG investigators using paclitaxel-based therapy in patients with stage IIIB disease. 39 Although the numbers of 
patients with locally advanced disease entered in the ECOG trial were relatively modest, a clear trend evolved toward improved response rates and survival with 
paclitaxel-cisplatin compared to etoposide-cisplatin therapy. Similarly, Woods and colleagues compared cisplatin plus vindesine to best supportive care in a large 
group of patients with unresectable NSCLC. 43 Included among the study population were patients with locoregional lesions. Similar to the aforementioned ECOG trial, 
too, few patients with locoregional disease were available to make a valid statistical comparison. However, in a subset analysis, an apparent survival benefit was 
observed for the chemotherapy-treated group (44 weeks versus 22 weeks). Collectively, these data strongly suggest that chemotherapy may be more effective in the 
setting of localized NSCLC.

COMBINED MODALITY TREATMENT IN LOCALLY ADVANCED, UNRESECTABLE NSCLC

The combined use of TRT and chemotherapy in locally advanced NSCLC is theoretically appealing because it addresses the need to control the primary lesion while 
attempting to eradicate occult distant micrometastases.33,35 The possible advantages for combining chemotherapy and radiotherapy have been summarized by Fu and 
include: (a) changes in the slope of the radiotherapy dose-response curve; (b) decreased accumulation of inhibition of repair or sublethal repair; (c) decreased 
recovery from potentially lethal damage; (d) perturbation in cell kinetics, with an increase in proportion of cells in a sensitive phase of the cell cycle and proliferative 
state; (e) decreased tumor bulk and improved blood supply, leading to reoxygenation and recruitment, and increased sensitivity to irradiation and chemotherapy; and 
(f) increased drug delivery and uptake. 44

Neoadjuvant Chemotherapy plus Radiotherapy

Pilot studies employing primary or neoadjuvant chemotherapy plus radiotherapy have yielded median survivals ranging from 9.6 months to more than 16 months and 
two-year survival rates between 20% and 40%.45,46,47,48,49,50 and 51 These results appear better than those achieved with radiotherapy alone. 10 To validate the results of 
these pilot studies, randomized trials have been performed, the results of which are summarized in Table 52.2.26,52,53,54,55,56 and 57 The studies yielded both 
negative52,54,55 and positive results.26,53,56,57

TABLE 52.2. RANDOMIZED TRIALS OF RADIOTHERAPY VERSUS RADIOTHERAPY PLUS CHEMOTHERAPY

The first cooperative group randomized trial to demonstrate a clear survival benefit with combined modality therapy was performed by the Cancer and Leukemia 
Group B (CALGB),53 (Table 52.3). These investigators compared standard TRT (60 Gy in 6 weeks) to the same radiotherapy preceded by two cycles of cisplatin (100 
mg/m2 on days 1 and 29) plus weekly vinblastine (5 mg/m2 per week for 5 weeks). Because of marked differences in survival detected during a planned interim 
analysis, the trial was closed early. Median (13.7 months and 9.6 months) and long-term survival rates were significantly improved in the combined modality arm. An 



update of this trial demonstrated a continued survival benefit with combined modality therapy even out to 7 years (13% and 6%). 20

TABLE 52.3. CHEMOTHERAPY PLUS TRT VERSUS RADIOTHERAPY ALONE

The CALGB trial differed from the negative studies listed in Table 52.2 in several ways. First, eligibility was limited to patients with a relatively favorable prognosis 
defined as low-bulk disease (i.e., supraclavicular nodal involvement excluded), good performance status (0 or 1), and minimal weight loss (5% or less of body weight). 
These selection criteria are fairly restrictive and exclude many stage III patients seen in daily practice. Second, the CALGB trial used cisplatin-based chemotherapy, 
which is not the case for most of the negative trials. Although no specific regimen can be recommended for all patients, the composition of chemotherapy is likely to 
be important.3 Third, the sequence of chemotherapy and radiotherapy administration may have played a role in the positive outcome of this trial not so much because 
there is a biological rationale for its use but rather, simply because maximum dosages of both modalities were possible with the schedule used. It is a basic maxim of 
cancer therapy that delivery of maximum intended therapy is theoretically important to achieve optimal outcome. 58,59 and 60 It also should be noted that patients were not 
stratified according to subcategory of stage III (i.e., IIIA versus IIIB). Accordingly, one cannot easily discern the true relevance of clinical substaging in the CALGB 
study even though a retrospective analysis was performed to assess this issue. 61 Given these factors, the results of this trial are not clearly applicable to all stage III 
patients, nor can one assume that ad hoc modifications of the treatment regimen will effect similar results. 62

The provocative but uncertain nature of the CALGB data, coupled with the statistical concerns raised by some experts, 63 prompted the RTOG and the Eastern 
Cooperative Oncology Group (ECOG) to undertake a confirmatory trial. 56 Using selection criteria that were essentially identical to that employed by the CALGB, 485 
stage III NSCLC patients were randomized to receive standard TRT (60 Gy in 6 weeks), TRT preceded by cisplatin and vinblastine, or hyperfractionated radiotherapy 
(69.6 Gy given as 120 cGy fractions twice daily). In a small pilot study, RTOG investigators had shown that hyperfractionated irradiation could produce excellent 
survival in patients meeting the aforementioned selection criteria established by the CALGB. 64 Both median and long-term survivals were superior in the group 
receiving combined modality treatment, confirming the results of the CALGB study ( Table 52.2). A metaanalysis of the available data also affirms the survival 
advantage of combined modality therapy over radiotherapy alone in this patient population. 65 Lastly, when subset analyses are conducted on the data from some of 
the negative trials using the same restrictive entry criteria employed by CALGB, a small survival advantage emerges for combined modality therapy.

The observation that chemotherapy plus radiotherapy is superior to radiotherapy alone has led some to speculate that improved local control might be possible with 
chemotherapy alone and that radiotherapy might be unnecessary. This argument is reminiscent of the polemics that plagued development of combined modality 
treatment in SCLC almost two decades ago.66,67 Japanese investigators attempted to address this issue in a prospective trial in which patients with locally advanced 
disease were randomized to chemotherapy with or without radiotherapy.68 Median survival was similar in the two cohorts of patients, but long-term survival was clearly 
superior in the patients who received both chemotherapy and radiotherapy ( Table 52.4). Local relapse was greater in the patients given chemotherapy alone. 
Although the design of this trial was not ideal, the results strongly indicate the need for both chemotherapy and radiotherapy to achieve optimal outcome in localized 
NSCLC—chemotherapy alone results in excess local failures; radiotherapy alone results in excess systemic failures.

TABLE 52.4. CHEMOTHERAPY PLUS TRT VERSUS CHEMOTHERAPY ALONE

Sequence of Chemotherapy and Radiotherapy

Most of the aforementioned combined modality studies administered chemotherapy and radiotherapy in a sequential manner (i.e., chemotherapy followed by 
radiotherapy) rather than concurrently. This approach was used to avoid anticipated greater toxicity with the concurrent treatment. However, in SCLC, concurrent 
administration of chemotherapy and radiotherapy is the norm and is generally well tolerated. 69,70 and 71 Furthermore, concomitant administration of these modalities 
appears to be superior to their sequential administration. 72,73 Presumably, a similar relationship might apply in locally advanced NSCLC. To test this hypothesis, 
Japanese investigators compared concurrent and sequential chemotherapy and radiotherapy in a prospective trial. 74,75 The chemotherapy employed consisted of 
mitomycin (8 mg/m2 on days 1 and 8), vindesin (3 mg/m2 on days 1, 8, 29, and 36), and cisplatin (80 mg/m2 on days 1 and 29) (MVP). In the concurrent TRT arm, 
radiotherapy was initiated starting on day 2 of MVP at 2 Gy fractions to a total dose of 56 Gy. However, TRT was administered as a split course with a ten-day rest 
period interposed between the first 28 Gy and the remaining TRT dose. In the sequential TRT arm, radiotherapy was initiated upon completion of the MVP, with the 56 
Gy being administered in a conventional manner. Eligibility criteria included unresectable stage III NSCLC with supraclavicular lymph node involvement, age £75 
years, and ECOG PS of 0–2. T3NOMO patients and those with pleural effusions were excluded. A total of 320 patients were enrolled, of whom 314 were eligible. The 
two groups were well balanced for standard prognostic factors. Overall response rate was higher in the group given concurrent chemotherapy and TRT (84% versus 
66.4%). With a median follow-up of 5 years, there is also a survival advantage for the group given concurrent treatment (median survival = 16.5 months versus 13.3 
months and five-year survival = 15.8% versus 8.9%) ( Table 52.5). Of note, median survival for the sequential arm is similar to that reported from the CALGB and 
RTOG/ECOG trials employing sequential chemotherapy and radiotherapy. 20,56 These data suggest that concurrent chemotherapy and radiotherapy is superior to their 
sequential administration; however, additional ongoing trials are assessing this issue. Furthermore, the added toxicities of concurrent chemoradiotherapy are such 
that caution is appropriate, especially when altered fractionation schemas are also used. 76,77 Not all patients are necessarily candidates for concurrent treatment. 
Some patients may fare better with and prefer a sequential approach, even though the survival may be slightly less than that achieved with a more aggressive 
treatment.78



TABLE 52.5. CONCURRENT VERSUS SEQUENTIAL CHEMOTHERAPY AND RADIOTHERAPY IN LOCALLY ADVANCED NSCLC

New Strategies to Address Local Tumor Control

Although an obvious need exists for improved systemic therapy in locally advanced NSCLC, there also is a need for better local control of the tumor. Based 
erroneously on results from studies conducted more than 20 years ago, it is often assumed that standard daily fractionated radiotherapy alone can control 
intrathoracic disease in up to 50% of cases when 60 Gy or higher radiotherapy is employed. 22,79 These studies typically accepted stabilized tumor masses as 
evidence of local control. Based on more recent data, we know this is a gross overestimate of radiotherapy's ability to control bulk disease. Using more stringent 
means of assessing local control (e.g., bronchoscopy), fewer than 10% of patients are found to have good tumor control at 5 years posttreatment. 27 Patients who 
relapse with symptomatic distant metastases or die of intercurrent illness may never develop clinical evidence of local recurrence simply because they die before 
manifesting evidence of local recurrence. In addition, physicians do not usually document the exact pattern of disease recurrence upon recognition of relapse in part 
because formal restaging is not standard practice even in study settings. Furthermore, there is not an agreed-upon standard approach for restaging studies, and very 
few patients undergo an invasive procedure to confirm the recurrence histologically. Even if extensive radiographic restaging of the thorax is performed at the time of 
suspected relapse, the results may be misleading because changes in tumor size as determined radiographically only loosely correlate with actual pathologic findings 
and long-term survival.80

In the rare circumstance where a more extensive reevaluation has been performed, the frequency of local control is surprisingly low. For example, using 
bronchoscopy to visualize the local tumor site, LeChevalier and colleagues found that local tumor control was present in fewer than 20% of patients given thoracic 
radiotherapy to a dose of 65 Gy. 25 Thus efforts to improve local tumor control are apparently worthwhile because enhanced local control can translate into improved 
survival even in the absence of improved control of extrathoracic metastases. 28,81,82and 83 For example, despite limitations in assessing local control in older trials such 
as the RTOG 73-01 study, it is noteworthy that patients who achieved a complete response locally enjoyed a longer survival even though no systemic therapy was 
administered.28

Strategies designed to improve local control include (a) the use of radiation-sensitizing drugs, 84 (b) escalated radiotherapy doses, 10 perhaps with three-dimensional 
(3-D) treatment planning,85,86 and (c) through the use of altered fractionations of irradiation. 87 Surgical resection may be the ultimate in local tumor control and is 
discussed in greater detail in Chapter 37,Chapter 38,Chapter 39,Chapter 40 and Chapter 41. To date, however, no study has yet demonstrated that surgery is 
superior to radiotherapy in maintaining local control in patients with clinically unresectable or so-called “marginally” resectable disease.35 An ongoing United States 
intergroup trial is prospectively comparing these two modalities.

Radiation-Sensitizing Drugs

Several common antineoplastic agents such as cisplatin, etoposide, paclitaxel, and gemcitabine among others have the potential to act as radiation-sensitizing 
agents.84,88,89 and 90 These preclinical observations have prompted several investigators to undertake studies combining radiation-sensitizing drugs and radiotherapy. 
European investigators performed a well-designed randomized trial in which split-course radiotherapy alone was prospectively compared to radiotherapy plus 
concomitant cisplatin given daily or weekly. 91 The combined administration of cisplatin and irradiation resulted in improved local tumor control and improved survival 
(Table 52.6). The improved survival was clearly attributable to improvement in the local failure rate because the rate of distant failure was not affected with the 
addition of the relatively low doses of cisplatin. Similar results have been noted by other investigators, 92 although this finding has not been universal. 93 One 
precautionary note—the simultaneous use of radiation and drugs can be a double-edged sword because increased host toxicities may ensue, resulting in dose 
reductions of one or both treatment modalities. Esophagitis and pulmonary toxicities are particularly worrisome in this regard. 76,,94,95 and 96 Accordingly, strategies that 
permit concurrent administration of chemotherapy and radiotherapy and that minimize the likelihood of host toxicity need further exploration.

TABLE 52.6. CHEMOSENSITIZATION WITH CISPLATIN PLUS TRT SURVIVAL WITHOUT LOCAL PROGRESSION

Increased Radiotherapy Dose and Altered Fractionation

The importance of radiotherapy dose and its relationship to the intrathoracic control of NSCLC is well established. 10,11 However, escalating the dose of thoracic 
irradiation beyond 60–66 Gy in lung cancer has been difficult largely because of the toxic effect on normal tissues, especially the lungs and esophagus. One potential 
means of increasing total radiation dose without engendering excessive host toxicity is the use of multiple daily fractions of irradiation. 87,97 In theory, giving 
radiotherapy in many small doses reduces the long-term adverse effects observed in normal tissues with little reduction in effect on most tumors because tumor cell 
repopulation is minimized.98 Altered fractionation schemas attempt to exploit the differences in early-responding and late-responding tissues to repair 
radiation-induced DNA damage. Pilot studies indicate that this approach is feasible in locally advanced NSCLC. 64,99,100

British investigators recently completed a randomized comparison of continuous hyperfractionated accelerated radiotherapy (CHART) and standard once-daily 
fractionated radiotherapy in NSCLC patients with locally advanced disease. 83 CHART consists of three daily fractions (1.5 Gy) of irradiation given over 12 consecutive 
days to a total dose of 54 Gy. CHART yielded a statistically significant improvement in overall survival compared to individuals treated with traditional once-daily 
radiotherapy (Table 52.7). Improved survival appears to have resulted from increased local tumor control because no systemic therapy was administered. Lending 
support to this conjecture is the observation that CHART imparted its greatest benefit in patients with squamous carcinoma. Squamous carcinomas tend to be 
localized more commonly than nonsquamous histologies, and because of this tendency, would presumably benefit more from improved local tumor control imparted 
by CHART. This relationship appears to be the case because squamous histology patients enjoyed a 34% reduction in the relative risk of death with CHART, which 
translates into an absolute two-year survival benefit of 14% (from 19% to 33%). The principal toxicities of CHART were esophagitis and dysphagia. However, 



pulmonary fibrosis also was more common among patients receiving CHART (16% versus 4%) compared to once-daily irradiation. Radiation morbidity accounted for a 
total of six deaths, three in each treatment arm.

TABLE 52.7. CHART IN LOCALLY ADVANCED NSCLC

The CHART data are extremely encouraging and correlate with other data derived from randomized trials in which multiple daily fractions of irradiation proved 
advantageous in NSCLCs and SCLCs.56,101 However, the administration of 12 consecutive days of radiotherapy is logistically problematic. Fortunately, both the British 
group and ECOG investigators have reported equally encouraging results using a less burdensome schedule that avoids weekened radiotherapy treatments. 100,102 
The British investigators refer to their regimen as “CHARTWEL” for “CHART—weekendless,” 102 whereas the ECOG investigators refer to their regimen as “HART,” 
indicating noncontinuous hyperfractionated accelerated radiotherapy.

3-D Treatment Planning

3-D treatment planning provides an ability to increase radiotherapy dose while minimizing normal tissue toxicity. 86,103 3-D capabilities are fully discussed in Chapter 
48. However, the salient features employ computed tomographic images to better define the target (tumor and perhaps regional nodes), register normal tissues and 
record doses that they receive, and plan beam directions to optimize dose to the target while minimizing exposure to the adjacent normal organs and tissues. 
Preliminary studies indicate that this technique permits radiotherapy dose-escalation to levels as high as 85–103 Gy. 85,104,105 and 106 Dose-escalation trials have more 
sharply defined target volumes and even eliminate treatment of mediastinal nodes. In the recent Ann Arbor trial results, 107 104 patients were treated, none with 
elective mediastinal irradiation. Toxicity has been moderate; moreover, no grade 3 pneumonitis has been observed despite high doses, and no patient failed 
exclusively in the untreated mediastinum. If radiotherapy ports can be reduced, and tumor doses increased, then TRT may be a better partner with surgery and 
chemotherapy in the treatment of NSCLC. Large tumors with multilevel mediastinal nodes may not benefit from these approaches. One study found that prognosis 
was adversely influenced if more than 20 percent of normal lung volume was included. 106 It remains to be seen if such approaches will prove beneficial in terms of 
improved local control and enhanced survival.

SUMMARY

The results of the CALGB trial prompted a clear paradigm shift in the management of locally advanced NSCLC. 2,105 Selected patients are now preferentially treated 
with combined modality approaches. The optimal means by which these two modalities are combined, however, as well as issues pertaining to optimal radiotherapy 
and chemotherapy, all require additional study. Newer chemotherapy drugs with higher response rates raise expectations for improved survival, although appropriate 
clinical studies are needed to validate these expectations. 9 Some of the newer agents—the taxanes, the topoisomerase-targeting drugs, and gemcitabine—also hold 
promise as radiosensitizers as well as good systemic agents. The methods of improving local control are varied as described previously and each merits continued 
investigation. Potentially, these techniques will lead to additional modest improvement in the survival of NSCLC patients with locally advanced disease.
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Small cell lung cancer (SCLC) represents the sixth most commonly diagnosed cancer in the United States each year. 1 In comparison to non–small cell lung cancer 
(NSCLC), small cell carcinoma tends to disseminate earlier in the course of its natural history and displays a more aggressive clinical behavior. 2,3 Untreated patients 
rarely survive beyond a few months, and local treatment modalities such as radiotherapy or surgery are not effective in prolonging survival beyond a few weeks. 4,5 The 
cause of death in most instances is systemic disease. The propensity for SCLC to disseminate early is illustrated by a classic study conducted by Matthews and 
colleagues.6 These investigators were able to perform a series of autopsies on a group of SCLC patients who had died within one month of an attempted curative 
surgical resection. In all but a few cases, systemic metastases were identified even though the patients had undergone a preoperative evaluation demonstrating no 
distant metastases. Given the systemic nature of SCLC, it is not surprising that chemotherapy has become the cornerstone of management. Current chemotherapy 
approaches are reviewed in this chapter, whereas surgical management and specific details pertaining to radiotherapy for SCLC are covered in Chapter 54 and 
Chapter 56.

SINGLE-AGENT CHEMOTHERAPY

Small cell carcinoma exhibits sensitivity to a variety of chemotherapy agents ( Table 53.1).7 The chemosensitivity of SCLC was first identified 50 years ago with the 
recognition that methyl-bis-b-chloroethyl) amine hydrochloride could effect tumor regression in more than 50% of patients. 8 It is now well recognized that numerous 
antineoplastic agents are capable of effecting objective responses of ³30% in previously untreated patients. 9 Active agents include nitrogen mustard, doxorubicin, 
methotrexate, ifosfamide, etoposide, teniposide, vincristine, vindesine, nitrosoureas, cisplatin, and its analog carboplatin. 10 In the past decade, several new agents 
have been found to possess activity against SCLC, including paclitaxel, docetaxel, two topoisomerase I targeting agents topotecan and irinotecan (CPT-11), 
vinorelbine, and gemcitabine.11 These newer agents are appealing because of their unique mechanisms of action.

TABLE 53.1. ACTIVE SINGLE AGENTS AGAINST SCLC

COMBINATION CHEMOTHERAPY

Despite a plethora of active agents, SCLC is rarely treated with single agents largely because complete remissions are relatively infrequent and remission durations 
tend to be brief with single agents. Furthermore, in randomized trials conducted in the 1970s, combination therapy was shown to produce superior survival compared 
to single-agent treatment.12,13,14 In addition, the simultaneous administration of multiple agents has been shown to be more efficacious than the sequential 
administration of the same agents.13 Consequently, for more than 20 years, combination chemotherapy has been the mainstay of SCLC management.

Several chemotherapy combination regimens have demonstrated acceptable activity against SCLC. 7,15 In general, active regimens yield objective response rates in 
the range of 80% to 90% with complete remissions occurring in up to 50% of patients, depending on stage at presentation. Median survival averages 7 to 9 months in 
extensive-stage patients and up to 20 months in patients with limited disease. 7,16,17 The best survival is achieved in good performance status patients who present with 
limited-stage disease and who receive combined modality therapy with chemotherapy plus thoracic radiotherapy. 16,17

No single induction combination chemotherapy regimen has been found to be ideal for all patients. During the late 1970s and early 1980s, cyclophosphamide-based 
regimens were most commonly employed, particularly the combination consisting of cyclophosphamide, doxorubicin, and vincristine (CAV). More recently, induction 
regimens have tended to be built around etoposide either as a substitution for one of the components of the CAV regimen or in combination with cisplatin (with or 
without additional agents). 7,18 In some randomized trials, induction chemotherapy regimens containing etoposide yielded slightly superior survival compared to 
regimens without etoposide.19,20 In direct comparisons to CAV, however, cisplatin and etoposide (EP) failed to demonstrate a clear survival advantage in patients with 
extensive-stage disease.21,22 Thus the choice of induction therapy is usually dictated by a patient's coexisting medical problems. For example, even though the EP 
regimen has a favorable therapeutic index, it may be contraindicated in an individual with renal dysfunction or a preexisting neuropathy (e.g., diabetic neuropathy). 
Preexisting heart disease also may make it impossible to administer cisplatin because of the requirement for intravenous hydration. In such circumstances, 
carboplatin represents an acceptable alternative to cisplatin because it is not nephrotoxic nor is it considered cardiotoxic. 23,24,25 and 26 Likewise, doxorubicin may be 
contraindicated in a patient with preexisting heart disease. In such circumstances, a combination regimen such as cyclophosphamide, etoposide, and vincristine may 
be preferable.

Toxicity to Combination Chemotherapy

All chemotherapy regimens used to treat SCLC are associated with host toxicities. 7,27 The most common complication of combination chemotherapy is severe 
myelosuppression, which occurs in 25% to 30% of patients treated with chemotherapy alone and in up to 75% of patients receiving combined modality treatment. 28,29 
Culture-positive infections, however, develop in fewer than 5% of patients and fatal infections occur in less than 2%. 29 Other lethal side effects are extremely 
uncommon. Cyclophosphamide-based therapy is usually associated with the highest incidence of neutropenia, whereas cisplatin plus etoposide generally represents 
the least myelosuppressive regimen.2,30,31 With moderate-dose cisplatin (80 mg/m2) and etoposide (80 mg/m2 per day for 3 days), life-threatening neutropenia 



develops in fewer than 5% of patients. 31

The recent availability of hematopoietic growth factors (discussed following) has tended to make physicians more sanguine about myelosuppression. However, 
hematopoietic growth factors must be used judiciously because in selected circumstances, such as when given concomitantly with irradiation, they have proved 
detrimental.32 Also, prophylactic antibiotics have not been adequately studied but appear to be effective for the prevention of fever during neutropenia and are 
considerably less costly. 33,33,34,35 and 36

The incidence of gastrointestinal side effects varies, although nausea, emesis, esophagitis, and mucositis are relatively common, especially with cisplatin-based 
therapy or with combined modality programs. The availability of 5-HT, blocking agents can minimize or ameliorate many of the latter complications. 37 Late-developing 
complications related to chemotherapy also occur and include pulmonary fibrosis, cardiac toxicity, and second malignancies. 29,38 Second malignancies that are 
treatment related need to be distinguished from second primary malignancies, which are extremely common in long-term survivors of SCLC. 39,40 and 41 Neurotoxicities 
including mild dementia, ataxia, memory loss, and other neurologic abnormalities have been reported in patients who received prophylactic cranial irradiation, 
although the exact relationship to this therapeutic intervention has not been well characterized. 42,43,44 and 45

Although considerable progress has been achieved in the overall management of SCLC, cure remains elusive for the most patients. Considering that fewer than 10% 
of extensive-stage patients survive beyond 2 years and no more than 15% to 25% of limited-stage patients are alive 5 years after diagnosis, new therapeutic 
approaches are clearly needed. The discovery of new agents with novel mechanisms of action is important in this regard but so is maximizing the benefits of currently 
available agents. The lack of curative potential of existing chemotherapy regimens is primarily related to the presence of drug resistance ab initio or possibly due to 
the emergence of drug resistance during chemotherapy administration. Treatment strategies employed to overcome drug resistance have dominated clinical research 
in SCLC for the past decade and include the following approaches: dose intensification, weekly chemotherapy, and alternating non–cross-resistant chemotherapy.

Dose Intensification

In preclinical tumor models, one of the simplest methods used to overcome drug resistance is drug dose escalation. This approach has been successfully used in a 
wide variety of murine malignancies, including leukemias and solid tumors. 46 With this knowledge, Cohen and colleagues undertook a randomized trial in the late 
1970s, in which SCLC patients were randomized to receive standard dosages of cyclophosphamide, methotrexate, and lomustine or higher dose cyclophosphamide, 
lomustine, and standard-dose methotrexate.47 These investigators observed both a higher overall response rate and a prolonged survival in the high-dose 
chemotherapy group. Furthermore, long-term survivors were observed only among those patients given high-dose chemotherapy. By today's standards, the high-dose 
regimen used by Cohen and his colleagues would be considered relatively modest. Nevertheless, this trial spawned a series of studies aimed at overcoming drug 
resistance through dose escalation.

High-Dose Induction Chemotherapy

Several randomized trials have tested the concept of high-dose induction therapy in SCLC ( Table 53.2).9,30,31,48,49 and 50 Based on pilot data demonstrating the feasibility 
of high-dose induction therapy, 51 the Southeast Cancer Study Group (SECSG) undertook a prospective study in which patients with extensive-stage SCLC were 
randomized to receive either high-dose CAV for the initial three cycles of therapy or standard-dose CAV. 30 No dose attenuation was allowed during the initial three 
cycles of therapy. Patients received a mean of ³95% of the planned dosages of cyclophosphamide and doxorubicin during the first three treatment cycles, resulting in 
a 15% and 67% dose escalation of each drug, respectively. Although the complete remission rate was higher in the high-dose arm (22% and 12%; P < 0.05), overall 
response rates (63% and 53%) and median survival duration (29.3 weeks and 34.7 weeks) were not significantly different between the two treatment groups. 
Moreover, the high-dose CAV regimen was substantially more toxic, with a large percentage of patients experiencing life-threatening toxicities (grade 4 neutropenia: 
79% and 40%; P < 0.05). Virtually identical results were reported by Figueredo et al. in a Canadian trial. 49

TABLE 53.2. RANDOMIZED TRIALS OF HIGH-DOSE VERSUS CONVENTIONAL-DOSE CHEMOTHERAPY

Hong and associates randomized both limited and extensive-stage SCLC patients to high-dose cyclophosphamide (2,000 mg/m 2) plus vincristine (CV), standard-dose 
CAV, or standard-dose etoposide plus cyclophosphamide and vincristine (CEV). 19 A total of 353 patients were studied. In limited-stage patients the complete 
response rates and median survivals for dose-intensive CV, standard-dose CAV, and standard-dose CEV were 31% and 41 weeks, 42% and 55 weeks, and 38% and 
58 weeks, respectively. The median survival duration for all patients was superior in the standard-dose CEV arm (P = 0.01). The inclusion of etoposide in the CEV 
regimen may have been more important for efficacy than the strategy aimed at overcoming drug resistance.

More recently, Ihde et al. compared standard-dose etoposide (80 mg/m 2 per day for 3 days) plus cisplatin (80 mg/m 2 day 1) to high-dose etoposide (80 mg/m2 per day 
for 5 days) plus cisplatin (27 mg/m2 per day for 5 days).31 Both regimens were administered every 21 days. The degree of myelosuppression with high-dose therapy 
was approximately twice that observed with the standard-dose regimen. However, there was no difference in response rates (85% and 81%), median survival (12 
months and 11 months) or one-year survival rates (50% and 46%). It is particularly noteworthy that the incidence of grade 4 myelosuppression was just 2% in the 
standard-dose arm and more than 25% in the high-dose arm. These figures are considerably less than that generally reported for cyclophosphamide-based 
chemotherapy regimens.

Preclinical studies indicate that a survival benefit may not be observed until the dose of an active agent is increased two-fold or more. 46 Furthermore, the most 
convincing evidence for a survival benefit to dose intensification in animal model experiments comes from models with curative potential. 52 A two-fold dose intensity 
increase is not easily achieved in clinical oncology without some type of stem cell support. However, limited-stage SCLC is a curable entity, and efforts to exploit any 
biological or clinical advantage to dose intensification might better be pursued in this patient subset. Arriagada and colleagues did a retrospective analysis of 131 
consecutively treated limited-stage SCLC patients and observed a survival benefit for patients who received higher initial doses of cyclophosphamide and 
cisplatin.53,54 Based on this observation, they undertook a phase III trial, in which limited-stage patients were randomly assigned to receive either conventional-dose 
cisplatin, cyclophosphamide, etoposide, and doxorubicin alternating with thoracic radiotherapy, or the identical treatment regimen except 20% higher doses of 
cyclophosphamide and cisplatin were given in the first treatment cycle only. 50 The complete response rate (67% versus 54%, p = 0.16) and two-year survival (43% 
versus 26%, p = 0.02) were superior in the dose-intensive group.

A more recent report by Stewart and colleagues also suggests that dose intensification might effect superior survival outcomes in early-stage patients. 55 These 
investigators enrolled patients with “good- or intermediate-prognosis” SCLC to a prospective multicenter study that involved a 2 × 2 factorial design, randomizing 
patients to conventional versus dose-intensified V-ICE chemotherapy (vincristine, ifosfamide, carboplatin, etoposide). Patients were randomly assigned to receive 
identical doses of all four drugs on either an every-three-week or every-four-week schedule. Both treatment groups were then randomized to receive either 
granulocyte-macrophage colony-stimulating factor (GM-CSF) or no growth factor support. Eligibility required that patients be classified as good- or 
intermediate-prognosis as defined by Cerny and colleagues. 50 One hundred and seventy eight of three hundred patients (59%) had limited-stage disease. Although 
there were greater proportions of limited-stage patients and patients with more favorable prognostic scores in the dose-intensive group, these differences were not 



statistically significant. The addition of GM-CSF neither reduced the incidence of complications from myelosuppression nor improved survival. However, patients in 
the three-week treatment arm experienced statistically superior median and two-year survivals (443 versus 351 days and 33% versus 18%, respectively).

The dose-intensive patients from the Arriagada and Steward trials experienced two-year survival rates of 43% and 33%, respectively. Although the treatment 
regimens varied significantly between the two trials, an indirect estimate of the relative dose intensity of the two regimens can be made by comparing the incidence of 
dose-limiting toxicity, that being grade IV neutropenia—59% and 65%, respectively. Turrisi and colleagues recently described the highest long-term survival rates 
ever observed in a multicenter phase III trial in limited-stage SCLC. 17 Patients were treated with etoposide and cisplatin and concurrent thoracic radiotherapy either by 
a conventional once-daily or a twice-daily schedule. For the entire patient group, the two-year survival rate was 44% and the grade IV neutropenia rate was 63%, 
results almost identical to those observed in the dose-intensive patients from the Arrigada and Steward trials. The control regimens used in the latter trials effected 
grade IV neutropenia rates of only 23% (cycle 1 only) and 49%, respectively. The dose intensity of these regimens might better be considered suboptimal rather than 
standard. Therefore, dosing initial chemotherapy below the maximally tolerated dose of a given regimen might be detrimental in limited-stage SCLC.

It is safe to conclude that dose intensification of induction therapy is not beneficial to patients with extensive-stage disease. Optimal therapy for limited-stage disease 
should include doses at or near the maximal tolerated doses of the induction regimen. Compromising dose intensity in these patients may negatively impact long-term 
survival rates. Whether a survival benefit can be derived by intensifying induction therapy beyond the maximally tolerated doses of conventional outpatient therapy is 
unknown at this time and is a reasonable area for continued investigation in limited-stage patients.

Weekly Chemotherapy

As described in the preceding section, Steward and colleagues were able to effect a significant improvement in median survival in good- or immediate-prognosis 
SCLC patients by decreasing the treatment interval from 4 to 3 weeks. This success suggests that increasing dose intensity by more frequent dosing might be 
beneficial. This may be even better achieved with weekly chemotherapy using standard chemotherapy doses but alternating between myelosuppressive and 
nonmyelosuppressive agents. Early pilot trials testing this approach have produced promising results, leading to several phase III trials comparing weekly 
chemotherapy to conventional regimens (Table 53.3).57,58,59 and 60 The European Organization for Research and Treatment of Lung Cancer (EORTC) conducted a large 
phase III study comparing a weekly multidrug chemotherapy regimen (doxorubicin, etoposide, cyclophosphamide, cisplatin, vindesine, vincristine, and methotrexate) 
to a standard chemotherapy regimen (cyclophosphamide, doxorubicin, and etoposide) administered every three weeks. 57 Both limited- and extensive-stage patients 
were enrolled. Although the response rate in the weekly regimen was higher in limited-stage patients, there was no difference in overall response rate, median 
survival, and two-year survival. The total relative dose-intensity for the drugs common to both regimens was significantly less in the weekly chemotherapy arm due to 
frequent treatment delays.

TABLE 53.3. RANDOMIZED TRIALS OF WEEKLY VERSUS EVERY-THREE-WEEK CHEMOTHERAPY

Souhami et al. reporting for the Cancer Research Campaign of the United Kingdom, also found no survival benefit when they compared a weekly multidrug regimen to 
a standard every-three-week approach.58 In the U.K. trial, 438 patients with either limited disease or “good prognosis” extensive disease were randomized to receive 
12 weekly cycles of ifosfamide and doxorubicin alternating weekly with cisplatin and etoposide or 6 cycles of CAV alternating every 3 weeks with EP. Thoracic 
irradiation was administered only to limited-stage patients in complete or partial response. There were no reported differences in overall response rates (82.3% and 
81.1%), median survival (10.8 months and 10.6 months) or two-year survival rates (11.8% and 11.7%). Hematologic toxicity was greater in the weekly chemotherapy 
arm and the ratio of intended-to-delivered dose intensity was greater in the standard arm. In both trials the chemotherapeutic agents differed between the two 
treatment arms. Although the ability to deliver full intended doses was superior in the standard regimens, it was not possible to directly compare dose intensity 
between the regimens.

Canadian investigators reported promising results from a pilot study of a weekly regimen referred to as CODE: cisplatin (25 mg/m 2 for 9 consecutive weeks); 
vincristine (1 mg/m2 weeks 1, 2, 4, 6, 8); doxorubicin (40 mg/m2 weeks 1, 3, 5, 7, 9); and etoposide (80 mg/m2 days 1–3, weeks 1, 3, 5, 7, 9).61 Excluding 
cyclophosphamide, the CODE regimen contained the same agents and same total cumulative doses as the conventional alternating CAV/EP regimen, but therapy 
was completed in 9 rather than 18 weeks. Thoracic and prophylactic cranial radiation therapy were also given to selected patients. These investigators were able to 
deliver close to full intended doses, thus effecting an increase in dose intensity of approximately twofold for the four drugs common to the two regimens. A two-year 
survival rate of 30% was observed, far superior to the historical rate of less than 10% in extensive-stage patients.

National Cancer Institute (NCI) Canada and Southwest Oncology Group (SWOG) collaborated on a phase III trial comparing CODE to conventional alternating 
CAV/EP in patients with extensive-stage SCLC.59 Greater than 70% of intended doses were delivered for both regimens. CODE patients received slightly higher 
cumulative doses of each of the four common agents but completed their therapy in just 9 weeks rather than the 18 weeks received by the control patients. Therefore, 
a twofold increase in the dose intensity of the four common agents was achieved. Although rates of neutropenia and fever were similar, 10 of 110 CODE patients 
versus 1 of 109 CAV/EP patients died during chemotherapy. Response rates were higher for the CODE patients, but progression-free and overall survival were not 
statistically different. In view of the increased mortality and similar efficacy, CODE was not recommended.

In the Canadian pilot and intergroup phase III trials, CODE patients received aggressive supportive care but were not routinely treated with prophylactic colony 
stimulating factor. Japanese investigators conducted a small randomized trial of CODE with or without G-CSF in patients with extensive-stage SCLC. 62 Use of G-CSF 
resulted in increased mean total received dose intensity for all drugs, reduced neutropenia and neutropenic fever, and a significant improvement in survival. This 
finding led to a phase III trial designed almost identical to that of the NCI Canada/SWOG trial. 60 Two hundred and twenty-seven patients with extensive-stage SCLC 
were randomized to receive either CODE plus G-CSF or conventional alternating CAV/EP. CODE patients received G-CSF on nontreatment days. The achieved dose 
intensity for CODE plus G-CSF was twice that of the CAV/EP regimen. The incidence of leukopenia was not different, but anemia and thrombocytopenia were 
significantly increased in the CODE plus G-CSF patients. The incidence of neutropenic fever was 18.8% versus 8.8% of patients in the CODE plus G-CSF and 
CAV/EP arms, respectively, and 4/114 (3.5%) of CODE plus G-CSF patients died from therapy-related causes. The response rate was slightly higher (77% versus 
84%) in the CODE plus G-CSF arm, but there was no survival difference. Although dose-intensive weekly therapy has not been well tested in limited-stage patients, 
this approach has failed to effect any benefit for patients with extensive-stage disease.

Colony-Stimulating Factors

As outlined in the preceding sections, the addition of a colony-stimulating factor (CSF) allowed for dose intensification of the V-ICE and CODE regimens. 55,62 
Decreasing the dosing interval of V-ICE improved survival, but the addition of GM-CSF had no independent impact on this outcome. The initial Japanese CODE plus 
G-CSF trial reported by Fukuoka and colleagues was designed to address dose intensity as the primary end point rather than survival. Therefore, only 63 patients 
were accrued, but median survival was superior for patients who received G-CSF (59 versus 32 weeks, p = 0.0004). Several phase III trials have investigated the 
impact of CSFs on SCLC chemotherapy (Table 53.4).32,55,62,63,64,65,66,67 and 68 The primary end point of most trials was the incidence of neutropenia and associated 
sequelae. Most were not designed to directly address the relationship between dose intensity and therapeutic outcomes. As described previously, Steward and 
colleagues were able to increase dose intensity by adding GM-CSF to the dosing regimen. 55 Likewise, when Woll and colleagues added G-CSF to the V-ICE regimen, 



they were able to increase dose intensity, but the trial was not powered to accurately address survival end points. 67 Pujol and colleagues treated 125 patients with 
extensive-stage SCLC with either a dose-intensive regimen containing high doses of cyclophosphamide, epidoxorubicin, etoposide, and cisplatin plus GM-CSF or the 
same chemotherapy at conventional doses without GM-CSF.63 In this attempt to improve survival by increasing dose intensity with the aid of GM-CSF, these 
investigators reported decreased dose intensity, worse hematologic toxicities, and inferior median survival (10.8 versus 8.9 months, p = 0.0005) for the high-dose 
chemotherapy/GM-CSF treated patients.

TABLE 53.4. RANDOMIZED TRIALS OF CHEMOTHERAPY WITH AND WITHOUT COLONY STIMULATING FACTORS (CSF) IN SCLC

The Pujol data further corroborate the overwhelming evidence that attempting to intensify chemotherapy for extensive-stage patients is not beneficial and may be 
harmful. However, the Arriagada and V-ICE data suggest that dose intensification might be beneficial in limited-stage patients. Although the previously cited trial by 
Woll and colleagues was not designed to address a primary survival end point, they did demonstrate a statistically significant increase in two-year survival (32% 
versus 15%) in primarily limited-stage patients receiving dose-intensified V-ICE plus G-CSF. Median survival was not improved (69 versus 65 weeks). Bunn and 
colleagues conducted a phase III trial in 230 limited-stage SCLC patients to determine whether GM-CSF could be used to reduce the incidence of neutropenic fever 
and hematologic toxicities of combined chemoradiotherapy. 32 All patients initially received etoposide 80 mg/m 2 and cisplatin 40 mg/m2 days 1–3. Thoracic 
radiotherapy consisted of 45 Gy total delivered in 25 daily fractions of 1.8 Gy, 5 days per week given simultaneously with the chemotherapy over the first 5 weeks. 
GM-CSF was dosed at 250 mg/m2 subcutaneously twice daily on days 4–18 of each cycle of therapy. There was a statistically significant increase in the frequency 
and duration of life-threatening thrombocytopenia (p < 0.001), more nonhematologic toxicity, more days of hospitalization, a higher incidence of intravenous antibiotic 
usage, more transfusions, and more toxic deaths in the patients receiving GM-CSF. There was no significant difference in median survival.

In summary, the addition of CSFs to chemotherapy in patients with SCLC can reduce the incidence of hematologic side effects if chemotherapy is given at 
conventional doses. Chemotherapy dose escalation or the addition of concurrent radiotherapy to CSFs has resulted in increased toxicity and death rates in some 
studies. Considering the expense and inconveniences of CSFs, the apparent lack of benefit from dose intensification, and the intolerability of concurrent use with 
radiotherapy, the routine use of these agents in the management of SCLC cannot be recommended. Indeed, recent pharmacoeconomic analyses have concluded that 
despite a decrease in hematologic toxicity in most trials, the routine use of CSFs in SCLC is not justified by clinical benefits, improved patient comfort, or economic 
considerations.34,35 and 36

Late-Intensification Chemotherapy

Of the dose-intensification strategies discussed thus far, only the CODE regimen effects a ³ two-fold increase in dose intensity. Some type of hematopoeitic stem cell 
support is needed to intensify therapy further. Late intensification has both scientific and clinical appeal. 69,70 Because SCLC patients are often ill at the time of 
presentation, they are often poor candidates for highly aggressive approaches. Patients are generally in better medical condition to be considered for high-dose 
therapy following induction. Consolidating with high-dose therapy also allows for the prospective identification and selection of patients who are most likely to 
benefit—those with limited-stage disease, good performance status, and those who obtained a major remission with induction chemoradiotherapy. 70 This approach 
has been studied by several investigators albeit rarely in a randomized trial. Humblet and colleagues reported the results of the only published multicenter 
randomized study testing late-intensification chemotherapy in patients responding well to induction therapy. 71 Autologous bone marrow transplantation was used to 
rescue patients from hematologic toxicities. Of 101 patients receiving standard induction chemotherapy, 45 patients with chemotherapy-sensitive disease were 
randomized to receive one additional cycle of either high-dose cyclophosphamide, carmustine (BCNU), and etoposide or conventional doses of the same drugs. In 
this highly selected group of patients, median overall survival after induction therapy was 68 weeks for the intensified group compared to 55 weeks for the 
conventional therapy group, a difference that is not statistically significant (P = 0.13).

In a large phase II study, SWOG treated 58 limited-stage SCLC patients with induction chemoradiotherapy followed by high-dose cyclophosphamide (150 mg/kg) 
intensification and autologous bone marrow rescue. 72 Only 21 patients completed the entire course of therapy, and seven treatment-related deaths occurred, four of 
which occurred during late-intensification chemotherapy. Median survival for all patients was 11.1 months. Nine of the twenty-one patients receiving late 
intensification were alive in complete remission with a median survival of 27 months.

Dana Farber Cancer Center investigators employed high-dose consolidation chemotherapy in patients with limited-stage SCLC in partial or complete remission 
following conventional first-line chemotherapy. 73 Patients received cumulative doses of 5,625 mg/m2 cyclophosphamide, 165 mg/m2 cisplatin, and 480 mg/m2 
carmustine followed by thoracic and prophylactic cranial irradiation. Of the 36 patients treated in this phase II trial, 29 of whom were in complete or near complete 
remission before high-dose therapy, 14 remained disease free at a median of 21 months (range: 40–139) after treatment. Actuarial two- and five-year disease-free 
survival rates were 53% and 41%, respectively. Morbidity was relatively low and most patients were able to return to full-time work. Although the results of this trial are 
provocative, patients were highly selected and were accrued over a nine-year period. Furthermore, the median age of patients entered into this trial was 49 years, 
which is several years below the typical average age of SCLC patients. There are few reports of similarly selected patients from which historical control data can be 
derived and compared. However, the SECSG reported a phase III trial involving a similar subset of selected patients. 74 Patients with limited-stage SCLC were 
randomly assigned to receive either six cycles of induction chemotherapy with CAV or the same therapy with concurrent radiotherapy. Good performance status 
patients who had achieved an objective remission at the end of induction therapy were randomized to receive two cycles of consolidation etoposide and cisplatin or no 
further therapy. Twenty-six patients had received induction chemotherapy and radiotherapy and consolidation with etoposide and cisplatin. From the time of 
consolidation therapy initiation, these patients achieved a two-year survival rate of 55%, almost identical to the results reported by the Dana Farber group. There are 
too few data to draw any conclusions about the utility of high-dose consolidation therapy in limited-disease SCLC, but this approach should be considered 
experimental at this time. The Cancer and Leukemia Group B (CALGB) is now testing the Dana Farber regimen in a multicenter setting.

Dose-intensive induction therapy, weekly chemotherapy, attempts to intensify with CSFs, and high-dose consolidation therapy have all failed to show a convincing 
survival benefit for patients with SCLC. Intensification of therapy beyond that of conventional regimens has been mostly harmful to patients with extensive-stage 
disease, and there are no indications that dose intensification in these patients will be beneficial even if advances in supportive care are achieved. The available data 
suggest that limited-stage patients might benefit from dose intensification. Two randomized trials suggest that administration of combined modality therapy below the 
maximum tolerated dose (MTD) of conventional outpatient regimens might be detrimental, but no data suggest that intensifying beyond this level is beneficial. The 
utility of early- and late-intensification therapy for limited-stage SCLC is still not well addressed and remains an area of important research, especially as active new 
mechanism agents are identified and supportive care is improved.

ALTERNATING NON–CROSS-RESISTANT CHEMOTHERAPY

Theoretically, to obtain optimal antitumor effects, multiple active agents should be administered simultaneously at their optimal single-agent dose. However, because 
drug toxicities often overlap, strict adherence to this approach is often not possible in the clinical setting. Using mathematical modeling, Goldie and Coldman 
suggested that alternating two non–cross-resistant chemotherapy regimens of relatively comparable efficacy could potentially minimize the development of drug 
resistance while avoiding excessive host toxicity. The strategy of alternating two comparably effective chemotherapy regimens was empirically tested in SCLC in the 
late 1970s and was more rigorously studied in the 1980s following the publications of Goldie and Coldman ( Table 53.5).21,22,75,76,77,78,79 and 80 Most of the more recently 



conducted trials compared CAV to CAV alternating with EP. Because CAV and EP are both highly active against SCLC and contain compounds from divergent drug 
classes, integrating both combinations into an alternating non–cross-resistant regimen is appealing. Unfortunately, CAV and EP are not entirely non–cross-resistant. 
In CAV failures, EP generally effects response rates between 40% to 50%. Conversely, CAV is generally ineffective in EP failures, typically inducing objective 
remissions in less than 15% of patients.21,22,81,82

TABLE 53.5. ALTERNATING NON–CROSS-RESISTANT CHEMOTHERAPY PHASE III TRIALS

The National Cancer Institute in Canada (NCIC) reported the results of a prospective randomized study in patients with extensive-disease SCLC comparing 
conventional cyclophosphamide (1,000mg/m2), doxorubicin (50 mg/m2), and vincristine (2 mg) (CAV) given every 3 weeks for six cycles to CAV alternating with 
etoposide (100 mg/m2 per day for 3 days) and cisplatin (25 mg/m2 per day for 3 days) (EP) every 3 weeks for a total of six cycles (Table 53.5).80 The overall response 
rate was modestly superior for the alternating regimen (80% versus 63%; p < 0.002), as was the overall survival (9.6 versus 8.0 months; p = 0.03). Although 
alternating therapy was statistically superior in this trial, this outcome might have been more related to the inclusion of EP in the regimen rather than the alternating 
design. In a similar study, the SECSG compared EP, CAV, and alternating EP and CAV in extensive-disease patients. 22 Response rates and survival were virtually 
identical for all three regimens. The NCI tested this approach in patients with limited-disease SCLC. 79 Patients were randomized between two induction 
regimens—either alternating CAV/EP or sequential therapy with three cycles of CAV followed by the same number of cycles of EP. Chemotherapy was followed by 
radiotherapy in responding patients. Again, no significant differences in therapeutic outcomes were observed between the two arms. The authors concluded that 
either the differences between the two schedules were too small to detect an advantage for the alternating regimen, or EP is actually a superior regimen and any 
schedule that includes these drugs produces superior results.

Recently, the EORTC reported a trial testing two relatively non–cross-resistant regimens: CDE (cyclophosphamide, doxorubicin, etoposide) and VIMP (vincristine, 
carboplatin, ifosfamide, mesna).83 Previously, they demonstrated that treatment of patients failing therapy with one regimen experienced response rates ³50% when 
treated with the other.84 Patients with extensive-stage SCLC were randomly assigned to receive either a maximum of five courses of CDE or five courses of alternating 
therapy, in which they received CDE cycles 1, 3, and 5 and VIMP cycles 2 and 4. The trial was designed to detect an increase in median survival from 9.2 months to 
12 months. Although 360 patients were required to address the planned survival end point with a power of 80% and a significance level of 5%, only 148 patients were 
accrued. Median survival was 7.6 and 8.7 months for the standard versus the alternating arms, respectively (p = 0.243). Although an inadequate number of patients 
were accrued to this trial to accurately detect a small median survival advantage, these results suggest there is no major benefit to alternating therapy with 
conventional agents even when a significant lack of cross-resistance has been demonstrated.

Although the previous EORTC experience demonstrated a relative lack of cross-resistance between the CDE and VIMP regimens, there are no highly active salvage 
therapies for patients with resistant SCLC (discussed following). A better testing of the Goldie Coldman hypothesis awaits identification of truly active and more 
significantly non–cross-resistant agents and regimens.

SINGLE-AGENT AND CHRONIC ORAL ETOPOSIDE

Ever since large cooperative group studies conducted in the 1970s demonstrated the superiority of combination chemotherapy over single-agent cyclophosphamide, 
research efforts have concentrated on combination regimens. Unfortunately, most strategies for improving combination chemotherapy have been unfruitful. Coincident 
with the conduction of the numerous trials focusing on dose-intensification of combination therapy, single-agent etoposide trials were yielding response rates and 
survival durations rivaling those of the most active combination regimens. Furthermore, these favorable results were often obtained in patients with advanced age or 
who were considered medically unfit for combination regimens. When etoposide became available as a soft gelatin capsule, chronic oral regimens were studied and 
yielded surprising activity in chemotherapy-naïve and recurrent patients alike. 85,86 and 87

Slevin and colleagues treated chemotherapy-naïve extensive-disease SCLC patients with single-agent etoposide either as a single 500 mg/m 2 24-hour infusion or by 
a 100 mg/m2 2-hour infusion for 5 consecutive days.88 In this randomized study in which the etoposide schedule was the only variable, 89% of patients in the five-day 
treatment arm versus 10% of patients in the one-day treatment arm achieved an objective response to therapy. Pharmacokinetic measurements were performed, and 
the total exposure to etoposide, as expressed by area under the concentration versus time curve, was equivalent for both regimens. However, patients receiving the 
five-day schedule maintained a plasma etoposide level greater than 1 mg/ml for approximately twice the duration as did patients receiving the one-day treatment. The 
authors concluded that the prolonged maintenance of very low drug concentrations (1 mg/ml) was more important than achieving high peak concentrations. 
Furthermore, the prolonged maintenance of high drug concentrations was inversely related to antitumor effect; the duration of etoposide blood concentrations greater 
than 10 mg/ml was greater in the less effective one-day treatment arm. The correlation between the key drug levels characterized in this pharmacokinetic study and 
those determined in the preclinical cellular studies is remarkable. 89

In the late 1980s etoposide became available as a 50 mg soft gelatin capsule. A phase I study conducted by investigators at Vanderbilt University led to a 
recommended phase II regimen of 50 mg/m2 per day for 21 days of oral etoposide. 90 These same investigators then treated 22 patients with recurrent or refractory 
SCLC with this regimen.85 All patients had received at least one prior combination regimen and 18 had received previous intravenous etoposide in combination with 
other agents. There were two complete and eight partial antitumor responses for an overall response rate of 46%. Prior etoposide exposure did not appear to 
influence response. However, patients who responded well to induction chemotherapy and those who had been off chemotherapy for more than 90 days prior to 
disease progression were more likely to respond. Median duration of response was 4 months and median survival was 5 months (range: 1–15 months). The activity of 
this regimen in recurrent SCLC was confirmed by a group from Indiana University in an even more heavily pretreated patient cohort. 86 Although modest, these results 
rival those of the most active, multiagent “salvage” regimens used in relapsed SCLC.

Clark and colleagues employed a different regimen of chronic oral etoposide (50 mg total dose, twice daily for 14 consecutive days) in chemotherapy-naïve patients 
who were ³70 years old and/or who were considered medically unfit for standard combination regimens. 87 An objective response rate of 80% and median survival 
duration of 8.0 months were observed. Despite the advanced age of the patients and a mean Karnofsky performance status of only 60%, these therapeutic outcomes 
rival those of the most active combination regimens, the activity of which is generally determined in patients with more favorable prognoses. Not only was this regimen 
highly active, but it also appeared less toxic than the 50 mg/m 2 per day given for 21 days and substantially less toxic than standard combination regimens such as EP 
and CAV. Similar results have been obtained in chemotherapy-naïve SCLC patients treated with five-day administration of intravenous or oral etoposide. 91,92

The early trials of single-agent and chronic oral etoposide indicated that activity was similar to and perhaps even superior to conventional combination chemotherapy. 
It also appeared to have a more favorable toxicity profile and a lack of cross-resistance with conventional chemotherapy, including the three-day etoposide and 
cisplatin regimen. It appeared to be superior therapy for elderly and medically unfit patients, and there was reason to believe that integration of chronic low-dose 
etoposide into combination regimens might lead to therapeutic gains. Unfortunately, none of these characteristics has been confirmed in phase III trials ( Table 
53.6).93,94 and 95



TABLE 53.6. RANDOMIZED TRIALS TESTING ORAL ETOPOSIDE IN SCLC

The first randomized trial testing the efficacy of chronic oral etoposide in SCLC was reported by SWOG in 1995. 93 Patients with chemotherapy-naïve extensive-stage 
SCLC were randomized to receive conventional etoposide 130 mg/m 2 per day and cisplatin 25 mg/m2 per day on days 1–3 versus oral etoposide 50 mg/m2 per day for 
21 days plus cisplatin 33 mg/m2 days 1–3. The intravenous regimen was given every 3 weeks for eight cycles and the oral regimen was given every 4 weeks for a 
total of six cycles. Three hundred six patients were accrued. There were no differences in response rates and median survival, but hematologic toxicity was greater in 
the patients receiving chronic oral etoposide. Although the SWOG investigators may have been using the more toxic of the chronic oral etoposide regimens, the 
complete lack of any therapeutic advantage makes further development of this approach undesirable.

The SWOG chose to test oral etoposide in combination with cisplatin, but phase II trial results suggested that oral etoposide alone might be as active as conventional 
combination regimens and substantially less toxic. The Medical Research Council Lung Cancer Working Party conducted a randomized phase III trial comparing 
single-agent etoposide, 50 mg twice daily for 10 consecutive days on a three-week schedule, to a standard intravenous regimen of etoposide and vincristine or 
cyclophosphamide, doxorubicin, and vincristine. 94 Three hundred thirty-nine chemotherapy-naïve patients with poor performance status (World Health Organization 
grade 2–4) were accrued. The primary end point was palliation of major symptoms at 3 months after randomization. The palliative effects of treatment were similar in 
the etoposide and control groups with 41% and 46% of patients, respectively, experiencing an improvement in their palliation score. Grade 2 or worse hematologic 
toxicity occurred in 29% of etoposide-treated patients and 21% of controls. Controls had a superior overall response rate (51% versus 45%) and a median survival 
advantage (130 versus 183 days, p = 0.03). These authors concluded that oral etoposide therapy was inferior to standard intravenous multidrug chemotherapy in the 
palliative setting and that oral etoposide should no longer be used in such patients. Souhami and colleagues reported similar results when they randomly assigned 
chemotherapy-naïve patients with performance status 2 or 3 to receive either five-day oral etoposide or conventional alternating CAV/EP. 95 After 155 patients were 
accrued, a planned interim analysis led to early study closure because the one-year survival rate, progression-free survival, overall response rate, symptom control, 
and quality of life were all inferior in the oral etoposide arm.

The experience with single-agent etoposide exemplifies the importance of randomized multicenter trials in the testing of new therapies in cancer patients. 
Single-agent therapy has no role in the management of chemotherapy-naïve patients. Chronic oral etoposide has not been extensively studied in the salvage setting 
and may still have a role in selected patients.

TREATMENT DURATION AND MAINTENANCE THERAPY

The optimal duration of induction chemotherapy for SCLC is not well defined. However, prolonged treatment is generally considered unnecessary because a survival 
advantage has not been demonstrated in randomized trials ( Table 53.7).96,97,98,99,100,101,102 and 103 In one randomized trial, 687 SCLC patients were treated with five 
cycles of cyclophosphamide, doxorubicin, and etoposide followed by randomization to seven additional cycles of the same chemotherapy or close follow-up alone. 98 
No difference in overall survival or five-year survival was detected between the two treatment arms. Although progression-free survival duration was longer for 
patients given maintenance chemotherapy, patients not receiving maintenance therapy were more likely to respond to salvage chemotherapy, accounting for the 
similar survival outcome. Spiro and colleagues compared 4 versus 8 cycles of chemotherapy. 96 Within each treatment group, patients were also randomized to 
receive salvage chemotherapy at the time of disease progression or to receive no further therapy. Patients who received eight cycles of therapy with or without 
salvage chemotherapy did no better than patients who received four cycles of induction therapy and salvage therapy at the time of relapse. However, patients who 
received four cycles of induction therapy and no salvage therapy had an inferior median survival.

TABLE 53.7. PHASE III TRIALS ADDRESSING TREATMENT DURATION AND MAINTENANCE THERAPY

The Medical Research Council Lung Cancer Working Party has conducted sequential phase III trials addressing therapy duration. In the first trial, 497 SCLC patients 
received six courses of cyclophosphamide, methotrexate, etoposide, and vincristine. 97 Patients still in complete or partial remission at the end of six cycles were then 
randomized to an additional six cycles of the same regimen or to no further chemotherapy. No survival advantage was achieved with the longer duration of treatment, 
but maintenance therapy was associated with more toxicity and poorer quality of life. Their second trial attempted to reduce treatment duration even further and 
compared three to six treatment cycles. Patients were randomized at the beginning of therapy. 99,100 Three hundred six patients were accrued and no difference in 
overall survival, toxicity, or quality of life was observed. The authors concluded that a small advantage in median survival for the six-cycle regimen could not be ruled 
out, but there was no apparent advantage to treating patients beyond three cycles of therapy.

The results of the trials described in the previous paragraph along with the results obtained in other randomized trials indicate that an appropriate duration of 
induction treatment for SCLC is three to six cycles of a standard chemotherapy regimen ( Table 53.7). A recently completed Eastern Cooperative Oncology 
Group/Research Treatment Oncology Group (ECOG/RTOG) trial in patients with limited disease conclusively demonstrates that prolonged therapy duration is not 
necessary to achieve optimal therapeutic results. 17 Patients with limited-stage disease received just four cycles of cisplatin plus etoposide plus concomitant thoracic 
radiotherapy and achieved a median survival of more than 20 months and a two-year survival of more than 40%.

In extensive-stage patients, any of several different regimens administered for three to six courses represents adequate induction therapy. Maintenance 
chemotherapy or continuation of treatment beyond three to six cycles is unnecessary and more likely to produce toxicity than to extend survival or benefit quality of life 
provided treatment is reinstituted at the time of relapse. 96

SALVAGE CHEMOTHERAPY

A majority of chemotherapy-treated SCLC patients eventually develop recurrent disease. Although many patients are in excellent physical condition at the time of 



relapse, few drugs or drug combinations are capable of effecting tumor regression in this setting. Ebi and colleagues from Japan studied 159 patients with SCLC who 
received first-line chemotherapy, of whom 123 (77%) were responders.104 Of the responding patients, 88 relapsed and were eligible for salvage therapy. Forty-eight of 
the relapsed patients received salvage therapy, of whom sixteen (33%) achieved an objective response. These investigators found the following characteristics to be 
predictive of response to salvage therapy: (a) more than 90 days since completion of induction therapy; (b) an induction therapy response duration of more than 270 
days; (c) and a previous completed response (CR) to induction therapy. Performance status and extent of disease at presentation were not predictive of response to 
salvage therapy.

Several trials have demonstrated a correlation between the likelihood of response to salvage therapy and the treatment-free interval following induction therapy. 
Chute and colleagues reported a response rate of 56% in 20 patients treated with salvage therapy after surviving cancer free for ³2 years after initial therapy. 105 In the 
Vanderbilt phase II chronic oral etoposide study, one of eight patients less than 90 days out from their previous therapy responded to oral etoposide, whereas 9 of 14 
patients greater than 90 days since previous therapy responded. 85 Likewise, Giaccone and colleagues administered teniposide to 38 previously treated patients, most 
of whom had received previous cyclophosphamide, etoposide, and doxorubicin in various regimens. 106 Only 2 of 16 patients who had received chemotherapy £2.6 
months prior to starting salvage therapy achieved an objective remission. On the other hand, of the 17 patients who were more than 2.6 months from previous 
therapy, 9 achieved an objective response. This same study demonstrated the importance of responsiveness to induction therapy in predicting the efficacy of salvage 
therapy. Ten of twenty-four patients who responded to induction therapy also responded to salvage teniposide, whereas none of the seven patients who failed 
induction chemotherapy responded to salvage therapy. The same observation was made in the chronic oral etoposide study, in which 10 of 18 patients who were 
initially chemotherapy-sensitive achieved an objective response to salvage chronic oral etoposide, whereas none of 4 initially resistant patients responded. Finally, 
some patients can be reinduced with the same regimen if a durable response was achieved from induction therapy. 107,108 Although not well studied, the likelihood of 
achieving a durable remission with salvage chemotherapy appears to be proportional to the remission duration following induction.

There is no established salvage chemotherapy standard. EP is a reasonable choice in CAV failures, and a likelihood of response of 40% to 50% can be expected. 81,82 
Conversely, CAV is often inactive in EP failures. 21,22,109 Chronic oral etoposide induces responses in about 50% of patients recurring following treatment, with 
regimens that included conventional intravenous administration of the same agent. 85 Even in patients failing both CAV and EP, approximately 25% of patients respond 
to chronic low-dose etoposide.86 Unfortunately, remissions with salvage therapy are usually short-lived.

Ifosfamide has been active in the salvage setting when used in combination with chronic oral etoposide and cisplatin. 110 A response rate of greater than 50% has 
been reported. Unfortunately, this level of efficacy is achieved at the cost of a considerably high incidence of life-threatening toxicities. Kubota and colleagues treated 
17 patients with relapsed SCLC with the CODE regimen.111 Fifteen patients (88%) experienced an objective response, but 76% of patients developed grade IV 
leukopenia. The median survival was 245 days for the five patients with CR and 156 days for the ten patients with partial response (PR). Although promising, this trial 
was small and confirmation is needed before such an aggressive approach can be recommended.

Topotecan is perhaps the most carefully studied single agent in SCLC. Activity has been demonstrated in both chemotherapy-naïve and previously treated 
patients.112,113,114 and 115 Similar to other active chemotherapies, topotecan is relatively inactive in patients with refractory relapse (those relapsing less than 90 days 
since induction therapy and those not responding to induction therapy). Ardizzoni and colleagues demonstrated response rates of 6.4% in 47 refractory relapse 
patients and 37.8% in 45 patients with sensitive relapse. 113 The median survival for sensitive relapsed patients was 6.9 months. These promising results led to a 
recently completed phase III trial, in which 211 patients who relapsed more than 60 days after completion of induction therapy were randomized to receive either 
single-agent topotecan (1.5 mg/m2 per day for 5 days, every 21 days) or conventional CAV. 114 The overall response rates and median survivals were not statistically 
different: 24.3% versus 18.3% and 25 weeks versus 24.7 weeks for topotecan and CAV, respectively. The proportion of patients who experienced symptom 
improvement was greater for the topotecan-treated patients. Grade III and IV hematologic toxicities were greater in the topotecan patients, whereas there was no 
significant difference in nonhematologic toxicities.

Irinotecan (CPT-11) and paclitaxel have also recently been evaluated in previously treated SCLC patients and demonstrated activity. 116,117 and 118 In patients with 
sensitive-relapse SCLC, irinotecan effects similar response rates and survivals to those of topotecan. Also similar to topotecan, irinotecan has no significant activity in 
patients with refractory relapse. Paclitaxel is the first agent demonstrating significant activity in patients with refractory relapse. Smit and colleagues treated 24 heavily 
pretreated SCLC patients relapsing within 3 months of cytotoxic therapy with paclitaxel 175 mg/m 2 intravenously over 3 hours on a three-week interval. 117 Seven 
partial responses (29%, 95% CI 12 to 51%) were observed, and a median survival of 100 days was reported. This trial was small and requires confirmation. However, 
a second report of activity in resistant relapse was recently published. Groen and colleagues conducted a phase II trial of paclitaxel and carboplatin in 35 patients 
relapsing within 3 months of receiving induction therapy with cyclophosphamide, doxorubicin, and etoposide. 118 The median time off treatment was 6 weeks. All 
patients had an ECOG performance status £1. Of 34 assessable patients, 2 complete and 23 partial responses were observed for an overall response rate of 73.5%. 
The median survival was 31 weeks. These results are encouraging and suggest that paclitaxel may be a non–cross-resistant regimen with CDE.

In summary, only a few patients benefit from salvage chemotherapy. The choice of therapy and likelihood of response can be accurately predicted based on the timing 
of disease recurrence and sensitivity to induction therapy. Topotecan is the most extensively studied drug in patients with sensitive relapse and should be considered 
for these patients. Historically, no therapy has been active in patients with refractory relapse, but paclitaxel-based therapy may offer these patients some chance of 
another tumor regression. None of the available salvage therapies are adequate, and these patients should always be considered for clinical trials of new therapeutic 
approaches.

IDENTIFICATION OF NEW AGENTS

Despite the large number of drugs available for treating SCLC, there is an ongoing need to identify additional active drugs, especially agents with unique mechanisms 
of action. The appropriate setting for new agent testing, however, is controversial. 119,120 Some investigators advocate evaluation of new agents in previously untreated 
patients arguing that chemotherapy-naïve patients represent the optimal setting. 121,122 and 123 Several new agents have been tested in this setting, including topotecan, 
paclitaxel, gemcitabine, docetaxel, and vinorelbine. 112,124,125,126 and 127 All but docetaxel were active. Such testing is conducted almost exclusively in patients with 
extensive-stage disease largely because these patients are rarely cured with conventional treatment. Experience with this approach has demonstrated that if patients 
are properly selected, those failing to respond to the new investigational agent can be salvaged with cisplatin and etoposide chemotherapy. 112,123,124 Even inactive 
agents tested in this manner have not resulted in adverse outcome. 122

In contrast to the aforementioned approach, a cogent argument can be made for continuing the practice of testing new agents only in SCLC patients who have failed a 
standard induction therapy.128 Based on a review of the SCLC phase II literature published between 1970 to 1990, investigators at Memorial Sloan Kettering Cancer 
Center concluded that a response rate greater than 10% in previously treated SCLC patients was adequate evidence that an agent was potentially active against 
SCLC.129 They proposed a two-stage sequential design for phase II trials in SCLC using a response rate of 10% as an end point. A target enrollment of 20 patients in 
the initial phase of the study would allow for early termination of the trial if four or more patients responded because the agent under investigation would be expected 
to effect an objective response rate of at least 10%. On the other hand, if none of the initial 20 patients responded, the agent in question would not be subjected to 
further analysis because a true response rate greater than 10.9% would be excluded at the 90% confidence level. If one to three of the first 20 patients respond, an 
additional 15 patients would be entered to better estimate the agent's activity level. A maximum of 35 previously treated patients would be required to adequately 
assess the activity of a phase II agent against SCLC. This strategy maximizes the likelihood of identifying truly active agents and only slightly increases the possibility 
of mislabeling an inactive agent as active.

A compromise approach might be to test new agents in selected relapsed SCLC patients.85,106,130 Topotecan, irinotecan, and vinorelbine have been tested and 
demonstrated activity in this setting. 116,131,130 Ideal candidates might include patients who maintained a good performance status, who do not have significant visceral 
metastases necessitating a rapid response, and who had not been treated for some interval prior to receiving the investigational agent. How long an interval should 
have transpired is not known with certainty but should probably be at least 90 days. Using these carefully defined guidelines, it would appear that new agent activity 
can be assessed in either previously treated or untreated SCLC patients without putting patients at increased risk.

CONCLUSIONS

Chemotherapy for SCLC is rarely curative except in limited-stage patients who are candidates for bimodality therapy with chemotherapy and thoracic radiotherapy. 
Although survival is significantly improved with chemotherapy, most patients succumb to their disease within one year of diagnosis. Thus, in SCLC, chemotherapy 
should be considered primarily a palliative treatment. The optimal induction regimens are either EP- or CAV-based. Multiple strategies designed to improve treatment 



with these agents have not yielded significant breakthroughs. Fortunately, several new drugs have recently been identified and given the exquisite chemosensitivity of 
this neoplasm, there is reason to expect improvements in therapy in the coming years. Furthermore, SCLC expresses a unique biology, thus making it an excellent 
disease in which to test emerging biologic and targeted therapies. Large strides forward will depend on our ability to translate new breakthroughs in our understanding 
of the biology of this neoplasm into clinically feasible therapeutic strategies.
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Within less than one month of starting treatment, relief of symptoms and improvement in the chest radiographs of small cell lung cancer (SCLC) patients are usually 
obvious and often dramatic. For the patient, this miraculous development understandably nurtures hope that the probability of curing this malignancy is high. Indeed, 
reviewing the x-rays with the patient and family is an effective way to enhance their morale and encourage them to soldier on through a vigorous treatment program. 
Frank oncologists must acknowledge that it is easy to make the chest x-ray look better with chemotherapy or thoracic irradiation. The unpleasant reality of the 
situation is that despite a satisfactory regression of the tumor, most patients harbor persistent elements of disease and are destined to experience the disappointment 
of an incurable recurrence. The challenge in the treatment of limited-stage small cell lung cancer (LSCLC) is to combine chemotherapy and thoracic irradiation in a 
more efficacious fashion so that the proportion of long-term survivors is increased.

The Veterans Administration Lung Group system1 that divided patients into either limited or extensive stages has persisted for SCLC because of its simplicity, reliable 
prognostic value, and practical utility. 2,3,4,5 and 6 SCLC is defined as tumor confined to one hemithorax and the regional lymph nodes, whereas extensive-stage disease 
(ESCLC) is defined as disease beyond these bounds. The original operational definition of limited disease was tumor quantity and configuration that could be 
encompassed by a “reasonable” radiotherapy treatment volume. Because long-term survival is uncommon (7% to 9%) when chemotherapy alone is used to treat 
LSCLC,7,8 the “reasonable” radiotherapy port rule continues to be of practical importance in the design of combined modality therapy.

The term “reasonable” lacks precision in this heterogeneous patient group. Using simple staging techniques, the University of Toronto Lung Oncology Group 9 
identified a subgroup of patients with “very limited” SCLC without mediastinal node involvement who had a significantly better prognosis and a five-year survival of 
18% with combined modality therapies used between 1976 and 1985. The five-year survival for patients with evidence of involved mediastinal nodes was 6%. Only 
2% survived 5 years when pneumonic consolidation, atelectasis, pleural effusion, or involved supraclavicular nodes were present. The utility of a refined staging 
system may be greater with integrated chemotherapy and thoracic irradiation that generates a larger proportion of long-term survivors. The toxicity of thoracic 
irradiation volumes including all known disease may not be “reasonable” for patients with peripheral primary tumors or bulky mediastinal lymphadenopathy.

The necessity for accurate staging may be influenced by the sequence of chemotherapy and thoracic irradiation. Because expensive staging procedures delay 
symptom-relieving treatment and because chemotherapy is recommended for all fit patients anyway, some clinicians prefer not to bother with standard staging 
procedures outside the context of clinical trials. This pattern of practice may not be associated with negative consequences if the best model of treatment consisted of 
initial treatment with multiple chemotherapy cycles followed sequentially by administration of consolidative thoracic irradiation after drug treatment was finished. 
However, if patients with bona fide LSCLC benefit from early delivery of thoracic irradiation concurrent with combination chemotherapy, then careful staging 
determines the structure and intent (curative versus palliative) of the treatment program. 10 LSCLC patients have curative potential, which justifies the complexity and 
toxicity of integrated thoracic irradiation and combination chemotherapy. Such hopeful expectations cannot be entertained for palliation of extensive SCLC patients, 
and the vigor of noninvestigational therapy should be adjusted accordingly. Despite modern technology, the stage of some patients remains equivocal and clinicians 
must use their judgment.

Although the limited versus extensive stage system was created for practical purposes, its utility clearly reflects important biologic characteristics of the disease. 
When SCLC is overtly metastatic (ESCLC), we observe an underlying aggressiveness in the tumor that transcends the importance of the simple physical distribution 
of cancer cells within the body. Potentially curable LSCLC is quantitatively and qualitatively different from incurable ESCLC.

Therapeutic endeavors must contend with bulk concentrations of locoregional disease and a smaller metastatic population in widely different sites. These tissues vary 
in their tolerance of therapeutic interventions, just as the various tumor populations vary in their ability to resist the agents sent to destroy them. These clinical 
considerations and the biologic factors underlying them have led directly to modern concepts of multiple modality therapy for this disease.

HISTORY OF THE EVOLUTION OF COMBINED MODALITY THERAPY

The evolution of treatment for LSCLC can be described as a series of treatment paradigms. 11 The sequence of the paradigms did not always follow the chronologic 
order of the publication of important hypotheses or pilot studies. The evolution of treatment was determined by controlled trials of crucial issues of therapy and 



consensus by lung cancer investigators.

Paradigm 1: Surgery as Standard Treatment

World Wars I and II have had a large influence on the history of lung cancer. The stressful circumstances of wars, availability of tobacco products, and permissive 
attitude toward tobacco consumption during both wars were associated with a large increase in smoking among servicemen. The prevalence of smoking among 
women increased greatly during World War II. Surgical treatment of penetrating wounds to the chest during World War II resulted in advances in thoracic surgery, 
and the cadre of expert chest surgeons trained during the war had to contend with the increasing numbers of lung cancer casualties among veterans in the 1950s and 
1960s.12,13 and 14 In the post–World War II era, surgery was the treatment of choice for patients with all types of lung cancer, including SCLC.

Paradigm 2: Thoracic Irradiation Better than Surgery

The epithelial origin of SCLC was described in 1926, 15 and the separation of this virulent pathologic subtype on morphologic grounds was established in 1959. 16 From 
the earliest reports, 17 impressive regressions of SCLC induced by radiotherapy suggested an integral role of this modality in definitive management.

The median survival in surgically unresectable LSCLC patients randomized to supportive care alone in a trial conducted in the 1960s was 12 weeks. 18 A randomized 
trial comparing surgery alone to thoracic irradiation alone for SCLC patients was carried out by the Medical Research Council in the United Kingdom. 19,20 Eligibility 
criteria included (a) SCLC on bronchial biopsy; (b) no evidence of extrathoracic metastasis; (c) the tumor was regarded as operable on clinical examination and chest 
radiograph; (d) the patient was considered fit enough for resection; and (e) the patient was considered fit enough for radical radiotherapy. Although this study was 
done in an era before the availability of modern staging techniques, the intrathoracic extent of tumor was probably less than in most contemporary LSCLC trials. Of 
the 144 patients included in the main analysis, 71 were allocated to surgery and 73 to radical radiotherapy. A complete resection of all visible growth was performed in 
48% of the surgical group, all of whom had a pneumonectomy. Thirty-four percent were unresectable and 18% had no operation because of preoperative deterioration 
or refusal of surgery. In the radiotherapy group, 85% had radical thoracic irradiation, 11% had palliative radiotherapy, and 4% had no radiotherapy because of 
deterioration or refusal. The median survival was 28.5 weeks for surgery and 43 weeks for radiotherapy (p = 0.04). Five-year survival was 1% for the surgical arm (the 
sole survivor refused surgery and was given radiotherapy) and 4% for radiotherapy. Outcome for both groups was poor, but treatment feasibility, toxicity, and survival 
all favored thoracic irradiation. The standard of treatment for LSCLC shifted from surgery to thoracic irradiation. The main aim was to give patients relief of local 
symptoms until their death from metastatic disease.

Paradigm 3: Thoracic Irradiation With Adjuvant Chemotherapy

The systemic nature of SCLC was emphasized by the rapid tempo of systemic relapse and low probability of long-term survival in patients with apparently localized 
disease given definitive local therapy only. In a classic study 21 of 19 patients subjected to potentially curative surgical resection who died within 30 days of operation 
of non–cancer-related causes, 13 were found to have persistent disease at autopsy. Moreover, metastases were distant in 12 of 13 cases. Although not all LSCLC 
patients have subclinical metastatic disease, the actual proportion is so high that the assumption of metastases is suitable for treatment planning.

A major step in the systemic treatment of SCLC was reported in 1969.1 This randomized study1 compared alkylating agents at several dose schedules to an inert 
compound in approximately 2,000 lung cancer patients at a group of Veterans Administration hospitals. Antitumor effects of chemotherapy were analyzed according to 
cell type, and improvement in survival was the sole criterion of drug activity. The four-month median survival for SCLC patients treated with high intermittent doses of 
cyclophosphamide was only somewhat better than the 1.5-month median survival of placebo-treated patients (p = 0.0005). Nevertheless, the documentation of a 
survival improvement with chemotherapy for lung cancer patients was a notable development in cancer medicine, and cyclophosphamide became the cornerstone in 
SCLC chemotherapy regimens for decades. The credibility of cyclophosphamide efficacy in SCLC was augmented by randomized trials that showed prolonged 
survival for that agent as adjuvant chemotherapy compared to no further treatment after surgical resection. 12,13,22 Curiously, the lack of survival benefit for 
cyclophosphamide and other alkylating agents for non–small cell lung cancer (NSCLC) in these and other lung cancer trials 23,24,25,26 and 27 did not prevent them from 
being incorporated into combination chemotherapy regimens over the next 20 years.

The prescient observations of Watson and Berg 17 suggested thoracic irradiation coupled with chemotherapy as a model for treatment of SCLC. This hypothesis was 
first tested in a randomized trial by Bergsagel and colleagues from Toronto, Canada. 28 Patients with nonresectable lung cancer confined to the central area of the 
thorax were randomly assigned treatment with radiotherapy to the primary lesion and mediastinum or radiotherapy plus two schedules of intermittent intravenous 
cyclophosphamide. One-third of 123 patients in the study had SCLC, and both progression-free survival (29 weeks versus 16 weeks) and overall survival (42 weeks 
versus 21 weeks) were significantly superior for patients receiving combined modality therapy.

Two other randomized trials29,30 showed significantly superior survival for thoracic irradiation and adjuvant chemotherapy versus radiotherapy alone. Median survival 
for LSCLC patients treated by radiotherapy alone was consistently about 5 to 6 months. Two additional controlled trials 31,32 showed some advantage for combined 
modality therapy, but survival differences between the groups were not statistically significant, probably because many patients on the radiotherapy arms received 
chemotherapy at the time of disease progression.

Paradigm 4: Combination Chemotherapy with Adjuvant Thoracic Irradiation

The success of combination chemotherapy in leukemia and lymphoma and the recognition of SCLC as a type of lung cancer with unique chemosensitivity stimulated 
exploration of multidrug regimens. The first published study of combination chemotherapy for lung cancer was published by Hansen and associates 33 using a regimen 
including cyclophosphamide, methotrexate, dactinomycin, and vincristine. All eight patients with SCLC subtype responded; combination chemotherapy for SCLC was 
off to a promising start. High response rates for cyclophosphamide and vincristine were reported by Eagan et al. 34 and Holoye and Samuels.35 By combining 
cyclophosphamide, doxorubicin, vincristine (CAV), and bleomycin, Einhorn et al. 36 produced not only high response rates in SCLC, but complete responses were also 
seen in 20% of cases. Bleomycin was discarded because of pulmonary toxicity, especially when combined with thoracic irradiation, 37 and the CAV regimen persists to 
the present as a standard regimen for SCLC.

By using principles of combination chemotherapy38 and incorporating more and newer active agents, the search for a regimen with a high complete response rate for 
SCLC was intense during the 1970s. Combination chemotherapy was shown to be better than single-agent chemotherapy in three early randomized trials, 39,40 and 41 but 
a clearly superior regimen did not emerge. Nevertheless, in the early 1970s, a change in philosophy occurred. Because of the high response rates associated with 
multiagent chemotherapy, this modality became the primary therapy in LSCLC, and thoracic irradiation was relegated to an adjuvant or “consolidative” treatment. 42

However, programs giving aggressive combination chemotherapy without thoracic irradiation 43 appeared to yield survival results similar to combined modality therapy. 
Median survival was in the range of 12 to 15 months, and projected long-term survival was usually in the range of 10 to 20% whether radiotherapy was given or not. 
Many published reports were difficult to interpret regarding long-term survival because of small trial size and inadequate follow-up. Regimens including thoracic 
irradiation produced a higher rate of complete remission, and an increased proportion of complete responses was felt to be essential in the evolution of therapies with 
curative potential.44 However, combined modality therapy was also consistently associated with more acute and chronic toxicity, and selection of patients fit enough to 
receive this more demanding treatment in nonrandomized reports may have biased results against chemotherapy alone. Many investigators began to speculate that 
radiotherapy might not be necessary at all in LSCLC.

This debate persisted throughout the 1980s, 45,46 and many randomized trials were performed attempting to settle this vexing issue. 47,48,49,50,51,52,53,54,55,56,57 and 58 It was 
not until 1992 that metaanalyses7,8 were published concluding that combined modality therapy moderately improves survival in patients with LSCLC.

Paradigm 5: Integrated Chemotherapy and Thoracic Irradiation

In 1976, investigators from the National Cancer Institute (NCI) in Bethesda, Maryland, performed an exploratory study that boldly went where no oncologist had gone 
before.59,60,61 and 62 Although the protocol was influenced by the successful model of combined modality therapy for childhood lymphocytic leukemia, 63 the vigor of 
therapy was unprecedented in SCLC protocols. It involved initial simultaneous irradiation to the brain, primary tumor, and mediastinum and aggressive concurrent 
chemotherapy (cyclophosphamide 1.5 g/m2, doxorubicin 40 mg/m2, and vincristine 2 mg). The drugs were repeated as soon as the leukocytes increased to 3.5 × 10 9/L. 



All therapy was complete in 3 to 4 months.

The toxicity of this regimen was truly formidable. Radiation pneumonitis occurred in 38%, and a combination of pneumonitis and neutropenic sepsis was fatal in 24%. 
Severe esophagitis requiring nasogastric or parenteral nutrition occurred in 14%, and permanent strictures were observed. 64 Additionally, a previously undescribed 
neurologic syndrome of somnolence, poor attention span, recent memory loss, and action tremor was seen. The symptoms became evident within 2 to 4 months of 
starting treatment and were reversible within 4 months of onset.

The first reported survival results for LSCLC treated in this manner were spectacular, with 100% complete remissions and projected 80% long-term survival. 59 With 
longer follow-up, the survival curves dwindled and this trial was criticized for generation of false optimism by preliminary data reporting and unacceptably severe 
toxicity. Nevertheless, mature results demonstrating an 80% complete remission rate and 25% survival at 4 years in LSCLC were provocative and unprecedented. 62 
Thirteen percent died without evidence of tumor at autopsy; it is speculative whether the cure rate could have been higher had modern supportive care been 
available. In an analysis of treatment factors contributing to long-term survival, it was concluded that concurrent chemotherapy and radiotherapy achieved better local 
tumor control than sequential therapy. 62 The data also suggested that if the duration of concurrent therapy is prolonged beyond three weeks, then the enhanced local 
tumor effect can be lost in a flood of treatment-induced toxicity.

This body of work is important because it clearly recognized the deleterious consequences of tumor repopulation permitted by sequential therapies as predicted by 
experimental models.65 A generation of lung cancer investigators was both intrigued by the possibilities of early concurrent chemoradiation and troubled by a 
foreboding concern about the toxicity their patients would face in the quest for improved therapy.

It was evident that the combined chemoradiation model could not progress unless chemotherapy and radiotherapy could be integrated with less dire normal tissue 
interactions that did not compromise delivery of either modality. Sequential regimens giving thoracic irradiation during a gap in chemotherapy 66 (the “sandwich” 
technique) were less toxic, but efficacy was not improved, possibly because the interruption of the cadence of chemotherapy allowed tumor regrowth in unirradiated 
sites. Phase II results of a less aggressive CAV regimen 67 with concurrent thoracic irradiation led to a large randomized trial comparing simultaneous chemoradiation 
to CAV chemotherapy alone, but a significant survival benefit was not observed. 68 This may have been because toxicity impaired drug delivery. Another controlled 
trial of CAV alone versus a tripartite split course of thoracic irradiation between CAV pulses demonstrated a survival benefit for combined modality therapy. 49 
However, gastrointestinal and hematologic toxicity continued to be problematic. The severity of morbidity to normal tissue from the interaction of doxorubicin and 
radiotherapy has limited the utility of these approaches. Concurrent thoracic irradiation with chemotherapy containing cyclophosphamide, methotrexate, and lomustine 
was superior to chemotherapy given alone 47 in inducing remission and prolonging survival in patients with LSCLC, but the benefit was offset by unacceptable 
pulmonary toxicity. Similarly, concurrent cyclophosphamide, etoposide, and vincristine and radiotherapy have demonstrated superiority to chemotherapy alone, 48 but 
unacceptable chemotherapy attenuation from myelosuppression was associated with combined therapy.

The development of cisplatin and etoposide 68 as a potent combination for SCLC allowed the next step forward. Cisplatin produces no esophagitis or stomatitis and 
little myelosuppression at normal doses. Etoposide at standard doses has myelosuppression as its only serious side effect. More important, although cisplatin has 
some weak radiosensitizing properties,69 normal tissue toxicity from concurrent chemotherapy and irradiation is not nearly so severe as with doxorubicin, nitrosoureas, 
or cyclophosphamide. Additionally, neither cisplatin nor etoposide have been implicated in “radiation recall” 64 toxicity. An important development in the evolution of 
therapy occurred when cisplatin and etoposide were integrated with thoracic irradiation. Pilot studies were independently performed at the British Columbia Cancer 
Agency70,71 and by investigators associated with the Southwest Oncology Group (SWOG). 72,73 From the first report70 in 1984, it was clear that etoposide-cisplatin 
chemotherapy and thoracic irradiation could be administered concurrently with manageable toxicity and little compromise in drug or radiation delivery.

The National Cancer Institute of Canada (NCIC) further improved the integration of chemotherapy and thoracic irradiation by demonstrating in a controlled trial that 
early concurrent cisplatin-etoposide and thoracic irradiation was superior to delayed thoracic irradiation given concurrently with cisplatin-etoposide. 74 A delay of as 
little as 12 weeks in the administration of thoracic irradiation for LSCLC patients resulted in an approximate 50% decline in the probability of five-year survival from 
22% to 13%. The benchmark five-year survival rate for LSCLC shifted from about 10% to about 20%. Other randomized trials 48,75,76 and 77 of thoracic irradiation timing 
have been reported, and although not all support the superiority of early chemoradiation, the negative trials 48,74 consistently have long-term survival rates of only 10%, 
and the early chemoradiation arms of the positive studies 74,76,77 report long-term survival rates of 20% to 30%.

The search for improved treatment for LSCLC continues within the integrated chemotherapy and thoracic irradiation paradigm. The foci of research are the generation 
of more potent chemotherapy regimens and improvement in design and delivery of radiotherapy programs. Turrisi et al. 78 reported the first phase III study 
demonstrating a statistically significant survival advantage for more intensive twice-daily thoracic irradiation delivered early and concurrent with cisplatin-etoposide. 
Delayed twice-daily thoracic irradiation concurrent with EP failed to produce any evidence of survival benefit when compared to conventional radiation. 79

Effective innovations of thoracic irradiation or chemotherapy should be more easily demonstrated in patient populations with a higher proportion of curable cases as 
determined by more accurate staging technology. New drugs with novel molecular targets are being explored intending to increase tumor destruction with induction 
therapy or prevent relapse for those in remission.

CHEMOTHERAPY FOR LSCLC

Multiagent chemotherapy is superior to single-agent therapy in most cancers for which treatment is sufficiently effective that it is given with curative intent. 38 The 
aggregate experience indicates that drug combinations alone in LSCLC yield a total response rate of 60% to 80% and complete response rates of 35% to 50%. 
Monotherapy with etoposide has been demonstrated inferior to combination chemotherapy in the palliative setting and is inappropriate for patients receiving therapy 
with curative intent. 80,81 There is no evidence that monotherapy with any other agent (new or old) is acceptable systemic therapy for LSCLC; multiagent chemotherapy 
is a necessity for patients fit enough for treatment where the goal is long-term survival. 82,83

It is a common opinion that improvements in chemotherapy should be demonstrated in extensive-stage patients before they are adapted to LSCLC protocols. Such 
clear-cut evidence of increased treatment power is highly desirable, but this guideline cannot be interpreted to mean that a treatment strategy that does not improve 
results for incurable ESCLC patients must necessarily fail in the curable LSCLC population. Because LSCLC has a lower likelihood of drug resistance than ESCLC, 
the tumor burdens of SCLC patients based on stage are fundamentally different with respect to the impact of changes in both systemic and local therapy.

Median survival and rates of complete remission may not be adequate measures to judge differences between chemotherapy protocols for LSCLC. 84 When a large 
proportion of the patient population achieves complete remission, a therapy that produces more cures may have unimpressive differences in response rates and 
median survival when compared to a less efficacious treatment. Only long-term survival as shown on the “tail” of the curve may be different. Although this parameter is 
the outcome of greatest interest, many reports are difficult to interpret because of short follow-up and insufficient patient numbers. For these reasons, this review of 
chemotherapy is restricted mainly to LSCLC patient populations randomized in studies including at least 50 LSCLC patients per arm. Chemotherapy innovations 
include the choice of drugs, the number of drugs, and the amount to be administered.

Standard Regimens

The most commonly used programs include cyclophosphamide, doxorubicin, and vincristine (CAV), etoposide and cisplatin (EP), alternating CAV and EP, and CAV 
with etoposide (CAE or CAVE).82 Chemotherapy cycles are typically given every 3 weeks for six to eight cycles. Major areas of clinical research include duration of 
chemotherapy, diversity of drugs within chemotherapy regimens, dose and dose-intensity escalation, and introduction of new agents.

Duration of Chemotherapy Administration

The studies by the Radiation Oncology Branch of the NCI 59,60,61 and 62 were provocative for several reasons, including brief duration of chemotherapy. Although toxicity 
may have precluded a more lengthy period of chemotherapy, durable unmaintained remissions were nevertheless demonstrated after chemotherapy duration of only 3 
months.

A Cancer Research Campaign trial85 from the United Kingdom randomized 610 patients, including 190 LSCLC patients, to receive either four or eight courses of 



cyclophosphamide, vincristine, and etoposide. A second randomization compared second-line chemotherapy (methotrexate and doxorubicin) on progression with 
symptomatic treatment only. Thoracic irradiation was used for palliative purposes only. When the effects of the treatment policies were separated according to 
disease extent, survival was adversely affected in patients with extensive disease who were treated with four cycles of initial chemotherapy only (no salvage 
chemotherapy). A similar trend was observed for LSCLC patients, but the effect was not statistically significant.

The Medical Research Council Lung Cancer Working Party 86 compared six versus twelve courses of chemotherapy (etoposide, cyclophosphamide, methotrexate, and 
vincristine in 497 patients, 74% with LSCLC). Limited-disease patients received thoracic irradiation between the second and third course of chemotherapy (sandwich 
technique). No worthwhile clinical advantage was achieved by the policy of continuing chemotherapy beyond six courses.

The European Organization for Research and Treatment of Lung Cancer (EORTC) Cooperative Group investigated 5 cycles of cyclophosphamide, doxorubicin, and 
vincristine versus 12 cycles in a large study 87 including 341 LSCLC patients. Chest irradiation was not routinely given. Progression-free survival (PFS) was 
significantly longer for patients receiving prolonged versus short chemotherapy (p = 0.01). However, PFS at 5 years was the same at approximately 8% in both arms, 
and overall survival was not increased by prolonged chemotherapy.

The experience from cooperative group studies with six cycles of chemotherapy is large. 74,88,89 It is improbable that useful incremental benefit can by demonstrated by 
administering more than six cycles of chemotherapy. In any case, compliance with additional cycles becomes increasingly problematic. Excellent phase II and III study 
results have been generated with as few as four cycles of cisplatin-etoposide combined with thoracic irradiation. 78,90 A comparison of four versus six courses may not 
be a research priority. It may be more useful to examine treatment duration on the basis of total cumulative drug doses rather than time alone.

Drug Diversity

The somatic mutation theory for drug resistance91 suggested that drug combinations could improve the probability of overcoming resistant tumor clones by early 
introduction of therapeutic diversity into the treatment program. Because overlapping toxicity precludes administration of more than a few active agents at full dose at 
one time, the alternation of equivalent non–cross-resistant combinations was recommended. Current opinion of alternating chemotherapy in SCLC is based mainly on 
the outcome of large randomized studies in ESCLC.92,93 and 94 The ESCLC experience was disappointing, showing a small or no survival advantage. The probability of 
resistance to all alternations tried to date is almost universal for ESCLC as revealed by the absence of a consistent proportion of long-term survivors. However, a 
review restricted to large LSCLC trials of alternating versus sequential chemotherapy combinations does not reach conclusions as clear-cut as ESCLC.

A randomized German multicenter trial95 showed significant benefits for alternating chemotherapy when 306 patients (104 LSCLC) were randomized to eight cycles of 
CAV versus three cycles of ifosfamide, vindesine, and etoposide (weeks 1, 3, 5); three cycles of cisplatin, doxorubicin, and vincristine (weeks 2, 4, 6); and two cycles 
of cyclophosphamide, methotrexate, and lomustine (weeks 7, 8). Responding patients received chest radiotherapy after eight cycles of chemotherapy. In limited 
disease, the complete response (CR) rate was 33% in the sequential arm versus 52% in the alternating arm; median survival was 11.1 months for sequential therapy 
versus 13.4 months for patients receiving the more diverse regimen.

Another German multicenter study96 compared a fixed alternation of ifosfamide/etoposide (IE) and CAV chemotherapy and response-oriented treatment with IE to 
maximal response and subsequently an immediate switch to CAV. After six cycles of chemotherapy, limited-stage patients (n = 140) received thoracic irradiation. The 
CR rate for LSCLC was slightly higher in the alternating arm (40 versus 35%). Survival in the arms was similar, with median survival at 12.5 months versus 12.3 
months and two-year survival at 21% versus 18%. However, because only a few patients achieved CR with IE, the response-oriented approach used in this trial 
exposed most patients in this trial to diverse chemotherapy.

The NCIC Clinical Trials Group studied 300 limited-stage patients, comparing an immediate versus a delayed alternation of CAV and EP. 88 Thoracic irradiation was 
given to responders after six cycles of chemotherapy in a consolidative fashion. Neither complete responses (52% versus 44%) nor median survival (14.2 versus 13.7 
months) was different. The five-year survival rates for immediate and delayed alternating arms were 10% and 6%, respectively. Chemotherapy diversity between arms 
was similar with respect to the number of agents used.

In another large study that primarily focused on the value of thoracic irradiation in LSCLC, 58 The Southeastern Cancer Study Group (SECSG) assessed the value of 
the addition of two cycles of EP in responding patients after completion of six cycles of CAV (with or without thoracic irradiation). Patients randomized to receive more 
heterogeneous chemotherapy with “consolidative” EP experienced superior median (21.1 versus 13.2 months; p = 0.08) and two-year survival rates (44% versus 26%; 
p = 0.028). This result could be interpreted as an advantage for more diverse chemotherapy or simply attributed to the superiority of the EP regimen. The 
administration of CAV after induction with EP (first described in 1984) 97 was reexamined in an often cited but unpublished trial from Australia. 98 No advantage for the 
addition of CAV could be demonstrated in the total patient population, but too few limited-disease patients were included for analysis of this subgroup.

The largest randomized study (388 patients) comparing sequential and alternating chemotherapy for LSCLC was performed by the SWOG. 89 The alternating regimen 
was CAV and EP. The sequential regimen was CAV plus etoposide (EVAC). After six courses of chemotherapy, consolidative thoracic irradiation was given to 
responders. There were no significant differences in complete response (CAV/EP 51%; EVAC 48%). The survival curves overlap with median survival of 16.5 versus 
15.1 months and identical long-term survival (about 10%). This study does not support the value of alternating chemotherapy, but it may not be interpreted as 
evidence against potential value of chemotherapy diversity. The chemotherapy in the EVAC sequential arm was not the same as either regimen used in the 
alternation. The drug diversity supplied by the alternating chemotherapy amounts to the addition of one agent (cisplatin) at intervals of 6 weeks on three occasions 
over the entire treatment program. Moreover, the dose intensity of the other drugs in the alternating regimen (cyclophosphamide, doxorubicin, etoposide, and 
vincristine) were reduced substantially compared to the sequential arm by the longer cycle time of the alternation.

The addition of etoposide to CAV has been examined in a controlled trial for LSCLC patients by the North Central Cancer Treatment Group (NCCTG). 99 Thoracic 
irradiation was given with the fourth cycle of chemotherapy (doxorubicin deleted from this cycle) in a trial in which 118 patients were randomized to CAVE and 113 to 
CAV. Measures of outcome for CAVE versus CAV were median survival 15 versus 13.3 months, three-year survival 17.2 versus 9.7%, and five-year survival 12.1% 
versus 7.0% (p = 0.13). The difficulty in interpreting studies in which the sample size is modest can be seen here because if the true effect of the addition of etoposide 
was to double the five-year survival, then the probability that would be declared significant in a trial of this size is only 0.32.

Only the Japanese Lung Cancer Chemotherapy Group has directly compared CAV, EP, and CAV alternating with EP in a study including LSCLC as well as ESCLC. 100

 Unfortunately, the arms were not stratified by stage, so examination of LSCLC outcomes is a subgroup analysis. Each arm included about 50 LSCLC patients. 
Consolidative thoracic irradiation was given after four cycles of chemotherapy. The complete response rates for initial chemotherapy were similar (CAV 16%, EP 18%, 
and CAV/EP 22%). The median survival of the alternating regimen (16.8 months) was superior (p = 0.014) to either CAV (12.4 months) or EP (11.7 months). Mature 
results for the proportions of long-term survivors have not been published, but the actuarial projections appear better in the alternating chemotherapy subgroup.

Overall, the data suggest that drug diversity may be more important in LSCLC than ESCLC. However, the efficacy of EP and the ease with which it can be 
administered with thoracic irradiation without serious toxicity from interaction between radiation and chemotherapy on normal tissue has led several cooperative 
groups (Table 54.1) to simplify chemotherapy to this two-drug combination in phase III trials. It is unclear whether the loss of “therapeutic diversity” by using EP alone 
rather than EP plus other agents will result in negative consequences. The fact that these trials were conducted using EP chemotherapy is a powerful statement that 
many lung cancer experts consider this regimen to be state-of-the-art. This may be true; however, it is a poignant curiosity that, to date, EP has never demonstrated 
superior survival compared to any other chemotherapy regimen in a published phase III randomized trial of LSCLC or ESCLC. A standard regimen for a curable 
disease should have better credentials.



TABLE 54.1. PHASE III LSCLC TRIALS USING ETOPOSIDE PLUS CISPLATIN/CARBOPLATIN CHEMOTHERAPY

Dose and Dose-Intensity Escalation

The evidence that more intensive drug treatment can increase complete responses and long-term survival in animal models with curative potential is compelling. 101 
However, the SCLC group most often studied with controlled trials of more intense therapy has been incurable extensive-stage patients. 102,103,104 and 105 A metaanalysis 
of the outcome in LSCLC patients treated with dose and dose-intensity variations of CAV, EP, and CAVE showed no consistent evidence for better response rates or 
median survival for more intense regimens.106 However, the range of dose intensities was narrow and many studies included small patient numbers. Only two 
randomized trials107,108 of chemotherapy intensity in LSCLC involving more than 50 patients per arm have been reported. Both demonstrate significant survival 
benefits for more intensive chemotherapy.

The Eastern Cooperative Oncology Group (ECOG)107 randomized 349 patients with SCLC (38% limited stage) to induction chemotherapy with cyclophosphamide 
1,500 mg/m2 days 1 and 22, lomustine (70 mg/m2) day 1, and methotrexate 15 mg/m2 twice per week on weeks 2, 3, 5, and 6 (without dose modification for 
hematologic toxicity) or to the same drugs with cyclophosphamide 700 mg/m2. The abstract does not mention use of thoracic irradiation. Median survival for all 
intensively treated patients was 41 weeks versus 36 weeks (p = 0.04). The effect was most pronounced for limited-stage patients with median survival of 56 weeks for 
the intensive arm versus 42 weeks for the standard arm (p = 0.02). Long-term outcomes are not reported.

After retrospective review of treatment data on alternating chemotherapy and radiotherapy regimens for LSCLC, investigators at the Institut Gustave-Roussy 
concluded that the impact of the size of the initial dose of cyclophosphamide and cisplatin should be assessed in a controlled trial. 108 Patients were randomly 
assigned to receive a different dose of cisplatin and cyclophosphamide (100 mg/m 2 day 2 and 300 mg/m2 days 2–5) versus (80 mg/m2 day 2 and 225 mg/m2 days 
2–5). The doses of doxorubicin (40 mg/m2 day 1) and etoposide (75 mg/m2 days 1–3) were held identical. The higher doses of cisplatin and cyclophosphamide were 
given for the first cycle only. Subsequently, all patients received the same schedule of alternating chemotherapy and radiotherapy with the lower cisplatin and 
cyclophosphamide doses. The complete remission rate for the 55 patients in the high-dose group (67%) was not significantly better than the 50 patients in the lower 
initial-dose group (54%). However, a significant difference in overall survival (p = 0.01) was observed in favor of the patients who received the single escalated dose 
of cisplatin and cyclophosphamide. Survival rates at 18 months were 52% and 32%, respectively. Although mathematical models 109 predict a disproportionately large 
contribution from early treatment events, the effect of escalation of the dose size for only two drugs given on one occasion is so provocative that this finding requires 
confirmation in trials that include more patients.

An extension of the dose-escalation rationale is that tumor resistance can be overcome by large dose size. High-dose chemotherapy with special support during 
severe myelosuppression, such as autologous bone marrow transplantation, peripheral blood stem cell transfusion, and hemopoietic growth factors, is commonly 
tested in malignancies that resist conventional strategies. This approach is an assessment of the dose-response (mg/m 2) effect rather than an investigation of dose 
intensity (mg/m2 per week); the difference is not semantic. In LSCLC, high-dose chemotherapy is usually given after induction with standard-dose 
chemotherapy.110,111,112,113 and 114 Trials that report the number of patients potentially eligible for such therapy 110,111,112 and 113 indicate that less than 40% respond well 
enough, remain fit enough, and consent to the high-dose treatment. Results of these investigations make it difficult to separate “late intensification” from the patient 
selection process. Prospective trials testing this concept must include a complete account of the overall patient population from which the randomized patients were 
drawn. Even if positive studies emerge, the characteristics of the overall LSCLC population restrict applications of ablative chemotherapy doses to a small subgroup.

New Cytotoxic Agents

Because analogues of existing drugs have not demonstrated convincing advantages over the parent compounds in controlled trials, chemotherapeutic agents with 
different structure and novel mechanisms of action are imperative to improve outcome for this systemic disease. Several new drugs with activity against SCLC have 
been recently described, including the taxanes, 115 gemcitabine,116 and the topoisomerase I inhibitors.117,118 The characteristics that new agents should have to join or 
displace standard therapies such as the combination of etoposide/cisplatin are demanding. Not only must the new drug be highly active in previously untreated 
patients with high response rates and a proportion of complete responses, but demonstration of at least partial non–cross-resistance with existing agents is 
mandatory. Improved survival will not be associated with new drugs that kill the same cancer cells as the old ones. Moreover, in accordance with the theme of this 
chapter, it should be possible to give the new agent either concurrently with or adjacent to thoracic irradiation for LSCLC without radiotherapy-chemotherapy 
interactions that cause serious normal tissue toxicity; a preferential radiosensitizing effect on the tumor would be a great advantage. Activity should be present over a 
range of schedules so that dose-response and dose-intensity characteristics can be defined. Because it is already obvious that the new drugs are not conspicuously 
superior to older agents, the useful newcomer must combine with older agents with additive or preferably synergistic effects. An obvious corollary is that the new drug 
must have a toxicity profile that does not preclude its administration at full therapeutic doses when combined with the best standard agents or thoracic irradiation. 
Moreover, cumulative toxicity should not decrease the likelihood of completing the entire treatment program at full doses on time. The well-being of long-term 
survivors must not be endangered by chronic toxicity. The ultimate criteria will be the demonstration that the program incorporating the new drug is unequivocally 
superior to the best standard therapy in reproducible randomized comparisons. At this time, no phase III trials of new cytotoxic agents for LSCLC have been reported.

THORACIC IRRADIATION FOR LSCLC

Thoracic irradiation for LSCLC has long offered an attractive approach for several reasons beyond its ability to produce early responses. Because its mechanism of 
action is different from chemotherapeutic agents, the potential exists for additive or even synergistic damage to tumor cells. Toxicity to normal tissues is somewhat 
different from that produced by drugs. More important, because of its physical nature, “dose” can be administered in a focused fashion to regions containing or at high 
risk of tumor involvement. Most organs are thus excluded from the radiation beams, and tolerance is limited only by relatively modest volumes of normal tissue. The 
tumor may receive doses, which exceed by 10- to 20-fold what can be tolerated by the whole body, and the dose concentration greatly exceeds the dose 
concentration achievable by chemotherapy. Radiation dose is expressed in units of energy absorbed per gram of irradiated tissue (Gray), a unit of concentration or 
density, rather than units expressing a total body dose calculated without reference to tumor size. This capacity to strike hardest at the most populous and hence most 
dangerous concentration of tumor improves the probability of controlling local disease that may evolve more resistant progeny and metastasize systemically. It is 
intuitively reasonable that combined modality approaches including radiotherapy should improve results in the clinic.

Metaanalysis of Randomized Trials of Chemotherapy With or Without Thoracic Radiotherapy

There have been many published studies 42,43,44,45,46,47,48,49,50,51,52,53,54,55,56,57 and 58, 119,120,121 and 122 in which this study design has been implemented (Table 54.2). There 
are several differences in detail between them. For example, the precise definition of “limited” stage disease varied with respect to inclusion of patients with pleural 
effusions. Other selection factors such as tumor size or pulmonary function were sometimes introduced. Some studies specified a requirement that patients show a 
complete response to chemotherapy, perhaps in the belief that thoracic irradiation could not be withheld from partial responders. The chemotherapy regimens varied 
widely. Most studies were initiated before 1981 when cisplatin-containing regimens were not prevalent; none of the trials included this agent. The thoracic 
radiotherapy protocols were also diverse because four trials employed split-course treatment, fraction sizes ranged from 1.8 to 4.0 Gy, and total dose ranged from 40 
to 55 Gy. The treatment volumes all encompassed the primary tumor with a margin of 1 to 2 centimeters. Most included the mediastinum and some treated the 
supraclavicular fossae electively. Most studies were designed to permit a chemotherapy response evaluation, which allows the possibility of a reduction in the 



radiotherapy field size. The timing of thoracic irradiation was most often after three to six cycles of chemotherapy but was concurrent with the first cycle of 
chemotherapy in four studies. Prophylactic brain irradiation was part of most protocols, usually at the end of induction therapy.

TABLE 54.2. RANDOMIZED TRIALS OF CHEMOTHERAPY ALONE VERSUS COMBINED MODALITY THERAPY IN LIMITED-STAGE SMALL CELL LUNG 
CANCER

Nevertheless, all of these studies were designed to treat patients with regional disease in order to determine whether regional therapy would improve survival. The 
study populations were less than 75 in three studies, but three others included more than 290 patients. Consequently, the statistical power to detect differences varied 
widely and it is not surprising that many trials were negative.

The method of metaanalysis is used to study a collection of trials of similar design where each generates an estimate of treatment effect. This set of treatment effects 
is then subjected to statistical analysis to determine whether the average therapeutic effect can be attributed to chance alone. 123 The treatment effect can be 
represented by the difference between the number of events observed and the number expected if the treatment had no impact (method of Peto). The “log odds-ratio” 
has an approximate normal distribution and permits an estimate of the probability that an observed treatment effect could have been found by chance alone. 124 By a 
different calculation,125 each study yields an estimate of the absolute magnitude of the effect observed, termed the event rate difference. One may then judge on 
clinical grounds whether observed effects are of practical value.

Two metaanalyses that examine the role of thoracic radiotherapy in LSCLC have been published. 7,8 One was based on published data (1,911 patients) and looked at 
two-year survival rates, local control, and toxicity. 7 The other included 2,140 patients and examined only survival at 3 years and prognostic factors for survival. 8 The 
study by Pignon et al. 8 assembled updated individual patient outcomes from the trial investigators, which yielded comprehensive reporting and more mature results 
than could be derived from the literature alone.

Because the majority of data in each metaanalysis was derived from the same studies, the conclusions are consistent and complementary despite differences in the 
methods used in the metaanalyses. Both show a modest improvement in survival rates in those patients given thoracic radiotherapy ( Figure 54.1). The survival benefit 
becomes evident at about 15 months following start of treatment and persists beyond 5 years. At 3 years about 9% of the chemotherapy-only group are alive 
compared to about 14% of the combined modality group. The relative rate of death in the combined modality group as compared to the chemotherapy group was 0.86 
(95% confidence interval, 0.78 to 0.94; P = 0.001), corresponding to a 14% reduction in the mortality rate. The analysis of local control was based on 1,521 patients 
for whom data were reported and showed marked reduction in the absolute two-year local failure rate from 23% in irradiated patients compared to 48% in 
nonirradiated patients (p = 0.0001). These benefits were obtained at the cost of an increase in treatment-related deaths of 1%.

FIGURE 54.1. Survival curves for the Combined Therapy Group and the Chemotherapy Group. The three-year survival rates were 14.3% ± 1.1% in the 
combined-therapy group and 8.9% ± 0.9% in the chemotherapy group (for a difference of 5.4% ± 1.4%: p = 0.001 by stratified log rank test)

The relative rate of death between the two groups was not influenced by gender or performance status. However, the improved survival of irradiated patients was 
largely confined to patients less than age 55; survival benefit for older patients in this data set could not be demonstrated. Similarly, treatment factors such as 
radiotherapy timing or chemoradiation integration (sequential, concurrent, or alternating) were not significant in the metaanalyses. An explanation for not 
demonstrating a benefit for older patients or the importance of timing of integration of thoracic irradiation may be found in the shape of the survival curve and the 
statistic methodology used in this analysis. Initially, the overall survival graph begins in favor of chemotherapy, but the curves cross at about 1 year and later 
demonstrate a long-term survival advantage for chemoradiation. The initial separation of the curves is not large, but many events occur on this steep portion of the 
curves (Figure 54.1). Because early concurrent thoracic irradiation with regimens other than EP adds excessive toxicity and may diminish chemotherapy delivery, the 
relative risk of death is not constant over time. The short-term mortality increase from toxicity or poor chemotherapy delivery may cancel out the long-term survival 
gain as measured by relative risk. Reexamination of this data set for an effect of thoracic irradiation timing on long-term survival rather than relative risk of death may 
be useful.

Most studies in the metanalyses began before 1981, and none delivered cisplatin and etoposide concurrently with thoracic irradiation. The safety and efficacy of early 
concurrent chemoradiation has been markedly improved with the administration of etoposide/cisplatin chemotherapy rather than cyclophosphamide, nitrosourea, or 
doxorubicin-based regimens. From the first report, 70 etoposide and cisplatin clearly could be delivered concurrently with thoracic irradiation without dire normal tissue 
toxicity or the need to compromise the dose of either modality. Concurrent etoposide plus cisplatin or carboplatin with thoracic irradiation has become a prevalent 
theme in current LSCLC regimens (Table 54.1). Lack of data of this type in the metaanalyses 7,8 reduces the capacity of these reports to provide guidance on optimal 
integration of chemoradiation or management of LSCLC patients that is relevant to the modern era.

Volume of Radiation

The usefulness of radiotherapy comes from its ability to be directed to target tissues of interest, sparing areas beyond the treated volume, which might otherwise limit 
the dose delivered to the tumor. One must “see” the tumor to target it. We “see” through the use of imaging technology, knowledge of lymphatic anatomy, and 
experience with patterns of spread and treatment failure, but these methods have limitations.

LSCLC usually involves the mediastinal lymph nodes. Consequently, radiotherapy volumes almost always must encompass the primary node and most of the 
mediastinum. However, it is not clear where to draw the line. Most protocols treat the primary and clinically involved nodes; these definitions depend on imaging 
technology. Margins of 1.5 to 2 centimeters are commonly recommended to account for uncertainties in imaging, patient motion, and microscopic extension. Large 



volumes are limited as higher cumulative doses reach neighboring structures (lung, esophagus, and spinal cord). Retrospective radiation therapy quality control 
analysis, including dosimetric reconstruction and port film review, demonstrate lower response rates, higher chest failure rate, and statistically worse survival for 
patients who were considered major protocol violations.126 Analyses suggesting that local control deteriorates with violation of thoracic irradiation protocol guidelines 
may be confounded by the difficulty associated with encompassing large tumor burdens.

The extension of prescribed fields to cover bilateral hila, mediastinal, and supraclavicular nodes with curative aims suggests that the disease spreads in an orderly 
fashion. The behavior of SCLC is characterized by disorder. The attempt to increase treatment volume may lead to two adverse consequences: Toxicity to normal 
tissues will increase and the dose delivered to bulk disease will be compromised. An alternative tactic is to protect normal tissue by focusing on gross disease only 
using radiotherapy techniques that ensure full dose to all of the target volume, leaving chemotherapy to deal with subclinical tumor.

The simulation process for trials of early integration of chemoradiation 48,74 have targeted the prechemotherapy extent of disease. When tumor has responded to 
chemotherapy, an opportunity exists to “trim” the volume. The SWOG performed a randomized trial of induction combination chemotherapy with or without thoracic 
irradiation in complete responders and with wide-field versus reduced-field radiation in partial responders. 62 Late administration of thoracic irradiation did not change 
survival for complete responders, but local control was better for irradiated patients. Field size of consolidative radiotherapy for partial responders influenced neither 
survival or local control.

Even if thoracic irradiation is given after only one cycle of chemotherapy, tumor reduction is usually evident at simulation. No scientific rationale exists for the 
presumption that chemotherapy-resistant elements are confined to the diminished volume.

Wide-Field Irradiation

An extension of larger radiotherapy volumes is the investigation of “systemic” radiotherapy by either whole-body or sequential half-body irradiation. This approach has 
been demonstrated to be feasible by Powell 127 and Urtasun.128 In a German study, 91 LSCLC patients were randomized to receive 6 Gy sequential half-body fields 
alternating with chemotherapy or chemotherapy alone. 129 Outcome differences were not significantly different, but trends in time to progression and survival favored 
the chemotherapy-alone group.

Dose and Fractionation of Irradiation

These two parameters of radiotherapy are best considered together for radiobiologic reasons. The linear-quadratic method will not be discussed here, but the 
principle that dose not be considered in isolation from fractionation will be respected. 130 Major issues of thoracic irradiation dose and fractionation include the 
existence of a dose-response effect on outcome using conventionally fractionated treatment and the utility of unconventional fractionation schemas such as multiple 
fractions per day and split-course treatment (alternating with chemotherapy).

Local control is an alternative end point to survival in trials of thoracic irradiation dose. Several methodologic problems are associated with measurement of local 
control. Thoracic diagnostic imaging initially normalizes for complete responders, but patients receiving thoracic irradiation develop radiation fibrosis, which renders it 
more difficult to recognize relapse until it is moderately large. The method of locoregional failure reporting also varies. An absolute percentage of local relapse is the 
only information provided in many reports. A shortcoming of using the percentage with local control as an end point is that patients with brief survival and those with 
systemic failure may be censored from local control analysis, creating an illusory improvement in local control. The actuarial method is preferred because it shows 
cumulative local relapse rates as a function of time and considers the duration of exposure in the risk period.

Conventional fractionation (1.8 to 3.0 Gy/fraction) administers a dose 5 days a week, usually with no treatment on Saturday and Sunday. Because of the toxicity of 
combined modality therapy, the range of conventional fractionation doses employed in large studies has been narrow ( Table 54.2). Thoracic irradiation dose was 
examined in a Canadian multicenter trial 131 that initially randomized patients to either immediate or delayed alternation of CAV/EP. After six courses of chemotherapy, 
responders were randomized to either 25 Gy in 10 fractions or 37.5 Gy in 10 fractions of consolidative radiotherapy. The prechemotherapy disease was treated with a 
2 cm margin around the primary tumor. The spinal cord was shielded after 32 Gy. Of 333 patients enrolled in the study, 168 were randomized (88 to 25 Gy, 77 to 37.5 
Gy). The complete remission rates for combined modality therapy were 65% and 69%, respectively. The actuarial incidence of local progression by 2 years was not 
significantly different (80% for 25 Gy and 69% for 37.5 Gy).

A retrospective analysis132 of a broader range and larger doses of consolidative thoracic irradiation from a single institution suggest a dose-response effect for 
cumulative risk of locoregional failure. However, the nonrandomized nature of the data and small numbers in each subgroup allow only tentative conclusions. A 
relatively poor survival outcome from late thoracic irradiation (median 12 months, 5-year 8%) indicate that few LSCLC patients in this data set were at risk of local 
relapse by 3 years.

Altered fractionation has attracted much interest in recent years because of two biologic observations, one general and one specific. Fractionation studies have 
shown that late-responding normal tissues (microvasculature, neurons, etc.) are sensitive to the dose per fraction used in radiotherapy regimens with an equivalent 
total dose. This finding leads to the general principle that regimens with smaller doses per fraction may permit an increased dose to tumor while continuing to respect 
the tolerance of critical normal tissues. 133 In the specific case of SCLC, its rapid growth and responsiveness to therapy are associated with the lack of a “shoulder” on 
its in vitro cell survival curve in response to irradiation. 134 This pattern implies an inability to repair low levels of radiation damage and cell kill at exponential rates 
even with small doses per fraction. Multiple fractions per day potentially achieve greater kill at the expense of less late toxicity. Because these tumors exhibit high 
growth fractions in vivo, the compensatory repopulation response must be avoided by delivering multiple fractions per day to limit overall treatment time to 3 to 4 
weeks. Most normal tissues are able to repair the damage of low doses in an interval of 4 to 6 hours, at least in vitro. As a practical matter, only two or three fractions 
per day are possible, two being the usual. Further therapeutic potential may arise from the tendency of surviving cells in a rapidly dividing tumor to redistribute 
themselves into more radiosensitive phases of the cell cycle prior to the subsequent treatment.

An influential pilot study of accelerated fractionation for LSCLC was performed by investigators at the University of Pennsylvania. 135,136 Cisplatin/etoposide 
chemotherapy was integrated with concurrent thoracic irradiation (1.5 Gy twice daily, total dose: 45 Gy in 3 weeks). After thoracic irradiation, patients received six 
further cycles of chemotherapy alternating CAV with EP. Mature results 136 from the phase II study of 32 patients show a median survival of 23 months and long-term 
survival of about 30%. Local failure occurred in less than 10% and occurred mainly in patients with “variant” histologic subtype, which have a shoulder on the in vitro 
cell survival curve.137

An intergroup phase III study,78 including more than 400 patients has now been completed comparing accelerated fractionation to conventional fractionation while 
holding total dose constant. The conventional fractionation irradiation arm was 1.8 Gy once per day, five fractions per week for 5 weeks (total dose 45 Gy). The 
investigational arm included 1.5 Gy twice per day, 10 fractions per week for 3 weeks (total dose, 45 Gy). Both schedules of thoracic irradiation were given with initial 
concurrent cisplatin/etoposide. Four cycles of chemotherapy were administered. Response rates were not significantly different, but survival was significantly 
improved (p = 0.04) on the twice-daily treatment arm. Median survival was 23 months for twice daily versus 19 months for once daily; actual five-year survival rates 
were 26% versus 16%, respectively. Grade 3 esophagitis induced by twice-daily thoracic radiotherapy was significantly worse: twice-daily patients, 26% versus 11% 
(p = 0.001). Intrathoracic failure was 52% in the once-daily group and 36% in the twice-daily group (p = 0.06). This important trial was the first in SCLC to demonstrate 
an improvement in survival and local control by the sole stratagem of altering the fractionation. Improved effectiveness with approximately equal toxicity was expected 
on the basis of biologic considerations; the clinical result is encouraging, particularly in a disease so dominated by metastatic events. A logical next step would be to 
increase the total delivered dose using a similar fractionation.

Notably, twice-daily thoracic irradiation had no impact on median or long-term survival when compared to once-daily radiation in a randomized trial by Bonner et al. 79 
that delivered radiotherapy in a delayed fashion (beginning concurrently with the fourth etoposide-cisplatin chemotherapy cycle).

Technical Factors

Potentially important technical radiotherapy factors include (a) the nature of imaging procedures used to specify target volumes, (b) the therapy equipment 
parameters, and (c) quality assurance procedures. Careful imaging and computed tomography (CT) based planning generate greater confidence in the volume 
definitions and tend to lead to tighter volumes and less toxicity. Recent studies using concurrent therapies have relied heavily on information provided in this way. 138 
Newer planning technologies employ CT simulations (beam's-eye view) to facilitate the shielding of critical normal structures, and even dynamic methods with 



collimators, couch, and other equipment moving during the actual treatment exposure. 138 It is not known to what extent these technical advances will translate into 
clinical improvements; they do seem to improve the ability to safely deliver high doses to tumor and minimize normal tissue exposure.

Megavoltage machines are invariably used, usually linear accelerators. Pulmonary tissue is of low density compared to normal tissue, particularly in patients with 
chronic obstructive changes. The resultant inhomogeneities produce considerable variations in absorbed dose at high energies. 139 The importance of corrections for 
the distribution of lung density is unknown, but variations can produce substantial differences in the dose absorbed in the tumor. 140 This inhomogeneity is reduced 
with the use of higher energy photons, but another problem arises at energies above 10 MV. At the reduced tissue densities found in lung, electronic equilibrium (the 
condition required for “well-behaved” dose calculations), is not present. 141 Computation and image-intensive algorithms exist to perform these calculations, but they 
are not widely available. Dose inhomogeneities are accounted for by standard algorithms, but this remains a source of uncertainty in interpreting clinical results.

More traditional concerns have focused on issues of quality assurance of radiotherapy such as appropriate treatment of intended target volumes and shielding. 
Retrospective studies suggest that failure patterns can be influenced by these factors. 126,142 With the emergence of CT-directed treatment planning, it is relatively easy 
to apply a tumor dose to the primary tumor site and the mediastinum while avoiding excessive dose to the spinal cord through the use of oblique fields, lateral fields, 
or rotational techniques. When portals are delivered anteroposteriorly and posteroanteriorly (AP/PA), it is necessary to limit the spinal cord dose by a spinal cord 
block. Spinal cord blocks may shield centrally located SCLC. A Canadian study 131 of radiotherapy timing used anterior and posterior opposed fields to deliver 40 Gy in 
15 fractions over 3 weeks. Posterior cord shielding limited the spinal cord dose to 35 Gy. A CALGB study 48 administered 40 Gy in 20 fractions during a four-week 
period, and a further boost of 10 Gy was given over 5 days to a “coned-down” volume. The AP/PA parallel opposed portals were used for the initial 36 to 38 Gy, then 
oblique portals were used for the final 12 to 14 Gy. Despite the more sophisticated treatment planning and higher total dose in the CALGB study, the cumulative risk 
of local relapse was about 50% at three years in both studies. The superior dose distribution and theoretical benefits of complex beam arrangements are self evident, 
but large trials will be needed to demonstrate a survival benefit.

Radiotherapy-Chemotherapy Interactions

Compression of combined modality therapies in time and increase in their intensity has taken them to the limits of patients' tolerance. To achieve greater antitumor 
effect in this way, benefits of temporal and spatial independence, which have traditionally been exploited to minimize toxicity, are partially disregarded. Additive 
interactions will not accrue meaningful benefits unless normal tissues are spared toxicity relative to the antitumor effect. Various mechanisms of interactions have 
been reviewed.143 Comments here are restricted to those relevant to LSCLC therapy.

Radiation damage to lung is well known, and typical doses to tumor exceed the tolerance of any included lung. Oblique fields irradiate more pulmonary tissue than 
parallel opposed fields. When chemotherapeutic agents such as doxorubicin are given close to AP/PA thoracic irradiation, risk of pneumonitis is low. 74 Pulmonary 
toxicity can be severe when doxorubicin is given after three-field thoracic irradiation. 144 Lung injury from chemoradiation interaction exists for other drugs as well such 
as nitrosoureas and cyclophosphamide. 145 Reactions can be diminished if chemotherapy is limited to drugs that have little sensitizing effect on normal tissue, such as 
cisplatin and etoposide. Whether new cytotoxic agents such as the taxanes, topoisomerase I inhibitors, or gemcitabine can be incorporated into LSCLC concurrent 
chemoradiation protocols with an acceptable therapeutic index is unclear.

Thoracic irradiation techniques that irradiate large volumes of bone marrow increase hematologic toxicity and may reduce the intensity of ongoing chemotherapy. 
Larger fractions of cardiac output contained in the treatment volume may worsen myelosuppression disproportionately by irradiating hematopoietic progenitor cells. 146 
Use of colony-stimulating factors during radiotherapy has been associated with an increase in the severity of thrombocytopenia, 147,148 and an increase in circulating 
hematologic stem cells has been proposed as the cause. 149 Marrow and blood stem cell irradiation may contribute to the documented worsening of hematologic 
toxicity from chemotherapy given after cranial irradiation. 150 Unless it can be convincingly demonstrated that there are advantages to giving prophylactic cranial 
irradiation early in the treatment program, chemotherapy attenuation from myelosuppression and risk of neurologic damage 151 should be less when elective brain 
irradiation is delayed until the chemotherapy is complete. Colony-stimulating factors as a supportive technique during radiotherapy requires further research because 
enhanced killing of circulating progenitor cells and depletion of myelopoeitic reserve may not be temporary.

Esophageal toxicity may be dose limiting. Acute esophagitis is common. Concomitant doxorubicin greatly exacerbates the reaction, and some radiation-recall 
esophagitis is commonly observed with doxorubicin-containing chemotherapy cycles given after thoracic irradiation. 54 Radiation-recall esophagitis is a manageable 
cause of morbidity, but a therapeutic effect from such a reaction on the tumor is difficult to investigate. Late strictures appear to be uncommon with standard treatment 
programs.

OPTIMAL INTEGRATION OF CHEMOTHERAPY AND THORACIC IRRADIATION

The rational development of the optimal integration of chemotherapy and thoracic irradiation for LSCLC requires an understanding of the causes of treatment failure 
and factors associated with long-term survival. In the absence of such insight, oncologists are vulnerable to either conservatively persisting with a logistically simple 
treatment plan or shifting with the fads and fashions of the latest new drug or appealing innovation. Even when a therapeutic approach seems logical, it must still be 
proven effective—not by high-profile pilot studies in prominent journals, or the force of persuasive personalities, but by the scientific method and the performance of 
controlled clinical trials. The intended outcome is to improve survival through reduction of both local failure and distant metastases.

Conceptual Model of LSCLC

LSCLC patients can be conceptually divided into three patient groups according to the presence or absence of chemotherapy-resistant stem cells and their location 
(Figure 54.2). A small proportion of patients (about 9% 7,8) have no drug-resistant variants, and cure can be accomplished with chemotherapy alone provided that 
treatment is adequate with respect to dose intensity and total dose ( Figure 54.2A). Thoracic irradiation for these patients would not make any contribution to cure 
unless chemotherapy treatment was inadequate and the only persistent disease was within the thoracic irradiation volume. The second group ( Figure 54.2B) includes 
patients in whom drug-resistant disease is present, but the entire resistant clone of cells continues to reside within the principal repository of tumor stem cells at the 
primary site. Thoracic irradiation may eradicate these clones if it is delivered before they spread outside a reasonable treatment volume. Even if the local tumor mass 
was not eradicated by radiation, unless the proportion of chemotherapy-resistant cells was high, the effect of the radiation would be to “dilute out” the drug-resistant 
subpopulation. An appropriate program of chemotherapy could then control the remaining local and distant chemosensitive disease. The event that leads to treatment 
failure in LSCLC is a very succinct one. It occurs when the first fully chemoresistant stem cell establishes itself where it cannot be destroyed by radiotherapy. Although 
they cannot be identified a priori, the majority of LSCLC patients are in this group (Figure 54.2C). Thoracic irradiation may improve local control, but it cannot change 
the fatal outcome for these patients.

FIGURE 54.2. Conceptual model of limited small cell lung cancer shows three patient groups according to the presence or absence of chemoresistant tumor stem 
cells and their location. Disease depicted outside the chest is undetectable by staging procedures. Chemotherapy-resistant disease is absent in (A), localized in (B), 
and disseminated in (C)



Thoracic irradiation is acknowledged to be indicated in LSCLC, and no additional trials are underway to further examine this issue. This situation will not change 
unless dramatic advances are made in systemic therapy. The systemic nature of cancer implies that regional therapy can only influence the long-term outcome in 
those patients who will have their distant disease cured. Thoracic irradiation improves the long-term prognosis of LSCLC only in those cases where the systemic 
therapy is successful at treating distant disease (where present) but fails to eliminate regional disease. Thus the effect of radiation on improving long-term outcome is 
mathematically bounded by the effectiveness of chemotherapy. The contribution of thoracic irradiation to the cure of LSCLC depends on chemotherapy being only 
moderately effective. If chemotherapy is absent or weak, thoracic irradiation has trivial curative potential. If chemotherapy had the power to cure most patients, it could 
be difficult to demonstrate efficacy of local therapy.

Strategic Considerations for Assembly of Chemotherapy and Thoracic Irradiation

Arbitrary assembly of chemotherapy and thoracic irradiation is unlikely to yield the best results. Before review of clinical investigations of chemoradiation integration, it 
would be useful to examine the scientific basis for various sequences of systemic and local therapeutic modalities. The goal of optimal treatment modality assembly is 
to maximize the probability of elimination of the last cancer stem cell, thereby attaining a durable complete remission.

A simplified overview of strategic considerations for combined modality therapy would identify two distinct plans for combining chemotherapy and thoracic irradiation 
(Table 54.3). The strategy of the first plan must attempt to destroy as many cancer cells as possible in the shortest period. Such front-end loaded therapy would 
involve using the most effective modalities early in the treatment program. Four concepts support early chemoradiation, including (a) decreased probability of 
metastatic events, (b) lower probability of development of chemotherapy resistance, (c) lower probability of development of resistance to radiotherapy, and (d) 
diminished accelerated repopulation.

TABLE 54.3. CONCEPTUAL BASIS FOR EARLY INTEGRATION VERSUS SEQUENTIAL DELIVERY OF THERAPEUTIC MODALITIES IN THE ASSEMBLY OF 
MULTIMODALITY CANCER TREATMENT PROGRAMS

The alternative model requires rationalization of the strategic superiority of deploying modalities in a sequential fashion ( Table 54.3). Sequential rather than 
concurrent use of modalities in oncology has been prevalent for the obvious reasons of simplicity and lower toxicity. However, simplicity and low toxicity do not 
provide a scientific rationale for optimal tumor eradication. Existence of reversible resistance is a concept that could support sequential therapy. Additionally, if a 
definitive local therapy was originally impossible but was rendered feasible by neoadjuvant therapy, this concept would also support the sequential therapy model.

Concepts that Favor Early Integration of Thoracic Irradiation with Chemotherapy

The concepts that scientifically favor early integration of effective therapeutic modalities have clear-cut characteristics. The probability of treatment failure events 
associated with these concepts must increase fairly quickly with the elapse of time (weeks). Therefore, the chance of avoiding treatment failure should be minimized 
by eliminating as many tumor cells as possible in the shortest period. Rapid eradication of tumor cells requires the early integration of definitive local treatment(s) with 
systemic chemotherapy.

Decreased Probability of Metastatic Events

Experimental work by Hill152,153 indicates that tumor cells mutate spontaneously and randomly to acquire metastatic potential. Moreover, once tumors reach a critical 
size or volume, metastatic phenotypes are generated “explosively.” The cumulative probability of the existence of metastases and the number of metastases 
increases in proportion to elapsed time. The best way to decrease metastatic events is to quickly eliminate as much tumor as possible.

Lower Probability of Chemotherapy Resistance

A large body of experimental and clinical data exists that support the observation that variability exists for chemosensitivity within tumor cell populations. 154,155 
Moreover, tumor cells display a capacity to resist many drugs concurrently. 156 The biologic basis of this evolution of resistance originates during tumor growth from 
mutations in the cancer genome.157 The development of resistant mutants is a random process, and the probability of their appearance increases with time in 
proportion to the total number of cell divisions the neoplastic burden has undergone. The somatic mutation theory of drug resistance 109 predicts that once a tumor has 
reached a critical size, the probability of cure is lost over a small additional size increase in a short time period. The best way to minimize the probability of 
chemotherapy resistance is to eliminate as many cancer cells as possible in the shortest time.

Lower Probability of Resistance to Radiotherapy

Local control rates with radiotherapy are inversely related to tumor size. 158,159 Although microenvironmental effects such as hypoxia160 may be relevant, increasing 
evidence indicates that tumor cell populations are heterogeneous with respect to inherent radiosensitivity and similar to chemotherapy resistance, resistance to 
ionizing radiation may be genetically determined and a stochastic process. 161 Epigenetic mechanisms for radiotherapy resistance also exist, including upregulation of 
DNA repair enzymes.161 Induction of DNA repair enzymes by chemotherapy is a plausible reason why thoracic irradiation delivered after chemotherapy may be less 
effective. Cells that are resistant to specific chemotherapeutic agents can be very resistant 162 (a factor of several hundred compared to sensitive cells), whereas 
radioresistant cells are likely to be only moderately resistant (dose increase of only a factor of two or three over what is necessary for sensitive cells). 163 SCLC is less 
responsive to irradiation when recurrent after chemotherapy, and mechanisms of resistance may overlap; however, cross-resistance is not complete. 164 The 
probability of mutation to radiotherapy resistance or radioresistance as a consequence of enhanced DNA repair efficiency secondary to previous chemotherapy 
should be minimized by the early deployment of both modalities.

Diminished Accelerated Repopulation

“Outbursts” of cancer progression after perturbation of a tumor are not a novel observation. 165 Accelerated proliferation of tumors undergoing radiotherapy has been 
proposed166,167 to explain the clinical observation that extended therapy regimens often require increased radiation dosages to achieve an isoeffective result. 168,169 
Accelerated tumor growth has been reported after surgery 170 and chemotherapy171 in animal models. Accelerated repopulation decreases local control, but 
additionally increased mitotic activity with larger burden of residual tumor may also hasten the tempo of metastatic events and increase the probability of developing 
drug and radiation resistance. Noncurative perturbation of the primary tumor may have detrimental effects (possibly mediated by cytokines) on existing metastatic 
lesions.172 Accelerated repopulation is independent of modalities and an obvious form of cross-resistance. This phenomenon has not been mathematically modeled, 
but it appears to be well established within a few weeks after initiation of therapy. 166

The original rationale of consolidative radiotherapy included the opinion that the smaller quantity of local disease remaining after chemotherapy would enhance the 



feasibility and effectiveness of local therapy. The phenomenon of repopulation imposes a different reality. Because the quantity of tumor repopulation between 
chemotherapy treatments depends on the size of the residual stem cell population, rapid destruction of as much cancer as possible by early integration of 
chemoradiation minimizes the amount of tumor capable of repopulation.

Concepts that Favor Sequential Application of Radiotherapy and Chemotherapy

Simplicity has great appeal. The model of a medical oncologist administering a series of chemotherapy treatments, assessing response, and subsequently referring 
the LSCLC patient for consolidative thoracic irradiation when toxicity has subsided is undoubtedly simple. This approach is also associated with fewer side effects. 
However, is sequential or delayed administration of thoracic irradiation after chemotherapy scientifically sound?

The strategic concepts favoring early combined modality have a simple rule for the timing of effective modalities; any delay is potentially detrimental because the 
probability of treatment failure increases as a function of time. The rules are more arcane for concepts that favor sequential modalities because an additional element 
of information is required. It is necessary to know the most advantageous amount of delay required for the optimum sequence of modalities. This crucial knowledge 
must be supplied by the concept itself or learned by the conduct of controlled clinical trials. Two strategic concepts may favor sequential therapy.

Originally Impossible Local Therapy Rendered Feasible by Neoadjuvant Therapy

An unambiguous scenario where sequential therapy would offer an advantage would be when a locally advanced tumor was originally untreatable by a definitive local 
therapy but such therapy was rendered feasible by downstaging. This rationale is classic for neoadjuvant chemotherapy before surgery. However, LSCLC is rarely 
considered for surgery, and the definition of this stage indicates that all original tumor should be encompassable within a reasonable radiotherapy treatment volume at 
the outset. No obvious scientific reason indicates that chemotherapy-resistant residual tumor should be confined to the postchemotherapy tumor volume.

Reversible Resistance

Sequential application of modalities could be strategically superior if resistance to a particular therapy (chemotherapy or radiotherapy) was present at one point in the 
treatment program but the resistance reversed later, allowing successful use of that modality. Once genetically determined resistance to chemotherapy has been 
acquired by a tumor, it is improbable that such elements would disappear by spontaneous mutation. 109 However, resistance to chemotherapy with an epigenetic basis 
could occur and would be a possible form of reversible resistance. Kinetic resistance is another type of reversible resistance. The potential superiority of sequential 
therapies as predicted by the Norton-Simon hypothesis 173 is based on the possible existence of kinetic resistance.

The arguments supporting either early integration of chemoradiation or sequential utilization of chemotherapy and thoracic irradiation are hypothetical and must be 
supported by clinical data. The most important clinical data for optimal chemoradiation integration are from randomized trials of thoracic irradiation timing.

Randomized Trials of the Timing of Thoracic Irradiation

To date, five trials48,74,75,76 and 77 of thoracic irradiation timing have been performed; four trials are published in peer-reviewed journals 48,74,75 and 76 and one is currently 
available as an abstract. 77 Because of the importance of these trials, each study is discussed separately and summarized in Table 54.4.

TABLE 54.4. RANDOMIZED TRIALS OF THORACIC IRRADIATION TIMING IN LIMITED-STAGE SMALL CELL LUNG CANCER

The Cancer and Leukemia Group B Trial

This large trial 48,174 performed from 1981 to 1984 included 399 evaluable LSCLC patients distributed between three arms, including chemotherapy alone 
(cyclophosphamide, etoposide, vincristine, and doxorubicin), initial chemoradiation (50 Gy thoracic irradiation and whole-brain irradiation concurrently with the initial 
cycle of chemotherapy), and delayed chemoradiation (chest and brain irradiation concurrently with the fourth cycle of chemotherapy at week 9). Both arms that 
included thoracic irradiation had significantly superior response rates, time to progression, and overall survival rates compared to chemotherapy alone. However, no 
significant differences were found between the initial and delayed thoracic irradiation arms; the insignificant trend that existed favors the delayed thoracic irradiation 
arm. The rationale of a randomized trial is to hold all variables constant except the experimental one. Unfortunately, the interpretation of the Cancer and Leukemia 
Group B (CALGB) study is confounded because potential differences in outcome from thoracic irradiation timing may be obscured by unequal chemotherapy delivery. 
Myelosuppression from initial thoracic irradiation, brain irradiation, and concurrent CEV chemotherapy resulted in an unplanned attenuation (50% reduction) in doses 
of cyclophosphamide, etoposide, and doxorubicin after the first cycle. This trial clearly supports the addition of thoracic irradiation to chemotherapy in LSCLC, but the 
utility of the study to provide guidance for optimal integration of chemoradiation is doubtful. 174 The long-term survival rates for chemoradiation in the CALGB study are 
low (<13%).174

The Aarhus Lung Cancer Group Trial

In this Danish trial 75 performed between 1981 and 1989, 199 patients with LSCLC were randomly allocated to initial chest irradiation or late chest irradiation delayed 
by 18 weeks. Both groups received nine cycles of combination chemotherapy: three cycles of EP and six cycles of CAV. Initial thoracic irradiation was delivered 
sequentially rather than concurrently with EP. The timing of radiotherapy (40–45 Gy) had no significant effect on the median survival (about 1 year) or long-term 
survival (about 10%).

The doses cited for the etoposide/cisplatin regimen in this study were cisplatin 60 mg/m 2 and etoposide 120 mg/m2 on 1 day only. Conventional etoposide-cisplatin 
regimens deliver etoposide on at least 3 sequential days. The published doses of etoposide and cisplatin in the Aarhus study 75 do not respect the well-documented 
schedule dependency of this agent 175 and diminish the etoposide dose intensity to about one-third of standard levels. This trial also had an irregular randomization to 
prophylactic cranial irradiation.

The National Cancer Institute of Canada Trial

In 1993, the NCIC published results of a randomized trial 74 (accrual period 1985–1988) comparing early versus late thoracic irradiation that demonstrated a significant 
improvement in survival for early thoracic irradiation in the combined modality therapy of LSCLC. All 308 eligible patients received CAV alternating with EP for three 
cycles of each regimen. Patients randomized to early thoracic irradiation received 40 Gy/15F to the primary site concurrent with the first cycle of EP (week 3), and the 
late thoracic irradiation arm received the same radiation concurrent with the last cycle of EP (week 15). Dose intensity and total dose of chemotherapy was uniform in 
both arms (85 to 90% delivery according to protocol).



Although complete response rates were not significantly different (CR early arm 64%, CR late arm 56%, P = 0.14), the overall survival was significantly superior (P = 
0.013) in the early thoracic irradiation arm ( Figure 54.3). Median survival was 21.2 months in the early arm and 16.0 months in the late arm; actual survival at 5 years 
was 22% in the early arm and 13% in the late arm. A delay of thoracic irradiation by 12 weeks was associated with a 50% decrease in the probability of long-term 
survival. This trial was the first phase III study to demonstrate that actual five-year survival rates of more than 20% were achievable using early integrated 
chemoradiation in LSCLC.

FIGURE 54.3. Updated analysis of overall survival for the National Cancer Institute (NCIC) in Canada BR6 study. (From Murray N, Coy P, Pater J, et al. Importance of 
timing for thoracic irradiation in the combined modality treatment of limited-stage small-cell lung cancer. J Clin Oncol 1993;11:336, with permission.)

The Yugoslavian Trial

This extraordinary phase III study 76 performed between 1988 and 1992 achieved outcomes in LSCLC that were not only superior to any other phase III study, but 
survival was also better than any published phase II trial. All patients received accelerated hyperfractionated thoracic irradiation with 1.5 Gy twice daily to 54 Gy plus 
concurrent daily carboplatin/etoposide and four sequential cycles of EP. Early thoracic irradiation was delivered between weeks 1 to 4, and late thoracic irradiation 
patients received concurrent chemoradiation between weeks 6 to 9. The difference in timing of the initiation of thoracic irradiation between the two arms was only 6 
weeks.

The median survival was 34 months for initial chemoradiation versus 26 months for delayed chemoradiation; five-year survival was 30% and 15%, respectively. The 
difference was significant on multivariate analysis (P = 0.027). This study by Jeremic and colleagues 76 shows that early integration of chemotherapy with intensive 
radiation for LSCLC may generate median survival times of almost 3 years, and long-term survival rates may approach 30%.

The Japan Clinical Oncology Group Trial

This study77 by the Japan Clinical Oncology Group (JCOG) also examined the optimal sequence of chemoradiation for LSCLC by randomizing patients to initial 
concurrent versus sequential chemoradiation. The chemotherapy prescription was EP (four cycles), and thoracic irradiation consisted of 45 Gy over 3 weeks (two 
daily fractions of 1.5 Gy). Two hundred twenty-eight patients were entered between 1991 and 1995.

Initial concurrent chemoradiation was significantly superior (P < 0.05) to sequential therapy, with median survivals of 31.3 months and 20.8 months and projected 
five-year survival rates of 30% and 15%, respectively. These results strengthen the conclusion that long-term survival rates of more than 20% for LSCLC are 
obtainable with early chemoradiation.

Why Are the Randomized Trials of Thoracic Irradiation Timing Discordant?

Of the five controlled trials of thoracic irradiation timing performed, three (NCIC, 74 Yugoslavian,76 JCOG77) support the concept that the optimal integration of 
chemotherapy and thoracic irradiation is early concurrent chemoradiation; the CALGB 174 and the Aarhus75 studies suggest that the timing of thoracic irradiation does 
not influence outcome. Why are the results discordant? Three possible reasons are as follows:

1. The timing of thoracic irradiation is unimportant and the discordant results are caused by the play of chance.
2. Delivery of chemotherapy or thoracic irradiation was inadequate in the negative trials.
3. The patient populations differ.

The influence of chance cannot be discounted, but other explanations may be more plausible. Both the CALGB study 174 and the Aarhus trial75 were associated with 
compromised chemotherapy delivery. Thoracic irradiation can improve the long-term prognosis of LSCLC only in those cases in which the systemic therapy 
successfully controls distant subclinical disease. Suboptimal systemic therapy unavoidably decreases the impact of a change in the timing of local therapy for a 
systemic disease. However, the most important reason for discordance of results probably is associated with differences in the trial patient populations. The 
prevalence of metastatic drug-resistant tumor outside the thoracic irradiation volume in the study population ( Figure 54.2C) strongly affects the likelihood that thoracic 
irradiation or an innovation of it (timing or dose) will result in a survival advantage. If a poor prognosis LSCLC population (as evidenced by short median survival) is 
studied, then the proportion of cases that can have their prognosis improved by better integration of chemoradiation will be low and the benefit of early thoracic 
irradiation timing will be diluted out by most incurable cases. That the study populations in the CALGB 174 and Aarhus75 trials, which fail to show superiority of early 
chemoradiation, were a poor prognostic group is strongly suggested by the short median survivals reported ( Table 54.4). Long-term survival in these reports is also 
low. Adverse prognostic factors in these patients accrued to studies beginning in 1981 may have been caused by staging procedures that were less accurate than 
more recently reported trials. Median survival in the early chemoradiation arms of the NCIC, 74 Yugoslavian,76 and JCOG77 trials ranges from 21.2 to 34 months, which 
is two to three times longer than the median survival times in the CALGB 174 and Aarhus75 studies. Median survival in the delayed chemoradiation arms of the trials that 
support early chemoradiation 74,76,77 ranges from 16 to 21 months, which indicates that all patients in these trials had better prognostic factors than the negative 
trials.174,75 More important, long-term survival for early chemoradiation consistently exceeds 20% at 5 years. 74,76,77 Delayed chemoradiation has never approached the 
20% long-term survival milestone, which should be considered minimum standard for LSCLC at this time. Delayed chemoradiation usually is associated with a 
long-term survival rate of approximately 10% (Table 54.4), which is not much different from the 9% rate expected from chemotherapy alone, as reported in the 
metaanalysis8 of randomized trials performed in a similar era.

Ongoing or accelerated metastatic behavior of tumors that are responding to chemotherapy is counterintuitive. The data from randomized trials of thoracic irradiation 
timing in LSCLC suggests that the satisfaction medical oncologists experience when reviewing radiographs showing an LSCLC patient responding to drug treatment 
should be replaced with a sense of urgency that definitive local treatment must begin as soon as possible.

Alternating Chemotherapy and Thoracic Irradiation

Sequential and concurrent chemoradiation have previously been discussed in relation to the temporal arrangement of therapies. If interruptions in the radiotherapy 
sequence are permitted (split-course), then strategies of alternating chemotherapy and radiotherapy become possible, in which short courses of radiotherapy are 
interposed between cycles of chemotherapy without disrupting the schedule of drug treatment. Alternating chemoradiation was developed to reconcile the needs for 
early administration of both agents and for sequential delivery of each modality without a long break. 176 Although split-course radiotherapy in the absence of 
chemotherapy is believed to be detrimental, experimental evidence suggests that an alternating approach may be effective. Alternating chemotherapy and 
radiotherapy in the rat hepatoma model produced cures in a proportion of animals that could not be achieved by either modality administered sequentially. 177 Similar 
results were predicted by computer simulation studies.178

Clinical investigation of alternating chemoradiation for LSCLC was performed independently of the animal model and computer studies. This approach was used in 



one of the largest controlled studies, demonstrating superiority of combined modality therapy over chemotherapy alone. 49 The group at the Institut Gustave-Roussy179 
has performed a sequence of pilot studies pursuing an improved schedule. The alternating plan consisted of six courses of chemotherapy (doxorubicin, 
cyclophosphamide, etoposide, and cisplatin) and three courses of thoracic irradiation, delivering a total dose of 45, 55, and 65 Gy in consecutive protocols. 
Radiotherapy was started after the second cycle of chemotherapy with a gap of 1 week between modalities. Seventy percent of patients achieved complete remission. 
The actuarial five-year local control rate was 60% and five-year overall survival was 18%. No apparent improvement in local control or survival was achieved with 
higher total thoracic irradiation doses.

Lebeau et al.180 randomized 156 eligible patients to either concurrent thoracic irradiation initiated immediately after the second cycle of chemotherapy 
(cyclophosphamide, doxorubicin, etoposide) versus alternating thoracic irradiation in three courses between the 2–3, 3–4, 4–5 chemotherapy cycles. Unfortunately, 
the conduct of the trial was frustrated by the occurrence of pulmonary toxicity that resulted in termination of the trial with less than one-half of the planned sample size. 
Moreover, the median survival (13 to 14 months) and three-year survival (4% to 7%) was poor and similar in both arms. Comparison of concurrent versus alternating 
chemotherapy may be worthwhile in a trial using more compatible chemotherapy (EP).

The concept of alternating chemotherapy was put to a direct test in a study 181 by the EORTC using the three-drug CDE (cyclophosphamide, doxorubicin, etoposide) 
regimen. Thoracic radiotherapy was given as 2.5 Gy daily, 5 days per week. A continuous four-week consolidation regimen given after five cycles of CDE was 
compared to an “alternating” regimen in which one week (12.5 Gy/5 fractions) of radiotherapy was associated with each of four chemotherapy cycles after the first. In 
this randomized study of 335 patients, the alternating regimen was associated with hematologic toxicity severe enough to compromise delivery of both radiation and 
chemotherapy. No differences in outcome were noted.

LSCLC in the Infirm and Elderly

The experience of elderly patients in two large randomized trials performed by the NCIC has been reviewed, and also discussed in Chapter 64.182,183 The two trials 
included 88 patients aged 70 to 80 years in the total group of 608. The elderly subset was found to have received significantly less total drug than the younger 
patients, largely because of dose omissions rather than dose reductions. Dose omissions were not clearly associated with an increased rate of grade 3–4 toxicity 
events. Thoracic irradiation (most received 35–40 Gy), even when administered with concurrent chemotherapy, was also well tolerated by the elderly. No increased 
rate of treatment interruptions occurred, although when irradiation was performed late in the regimen, the elderly were slightly less likely to complete it. The overall 
rates of response, local relapse, and survival were similar, and age was not a significant prognostic factor. However, the elderly patients represented in these 
randomized trials may not be representative of elderly patients with LSCLC in general.

Elderly patients with cancer are just as likely to agree to treatment given with curative intent as younger patients, but they are more conservative with respect to 
trading toxicity with survival. 184 Fit elderly patients should not be denied treatment with standard regimens or access to clinical trials simply on the basis of their age. 
However, standard protocols are difficult for frail elderly patients or patients of any age with serious co-morbid illness. Rather than abandoning hope for long-term 
survival in such patients, evidence suggests that abbreviated chemotherapy (two cycles) plus thoracic irradiation has the potential to achieve the therapeutic goals of 
symptom palliation, prolongation of median survival, and chance of long-term survival.

In a pilot study with mature results, Murray et al. 185 reported on 55 patients with a median age of 73 years who received only two chemotherapy cycles (one CAV, one 
EP) plus thoracic irradiation concurrently with the EP cycle. The median survival was 54 weeks and actual five-year survival was 18%. Jeremic et al. 186 reported a 
median survival of 15 months and five-year survival of 13% for a regimen consisting of two cycles of carboplatin and oral etoposide concurrent with hyperfractionated 
thoracic irradiation. These observations provide some data that may allow realistic reassurance for LSCLC patients who are unable to complete all planned 
chemotherapy that a large portion of chemotherapy benefit is conferred by the first two cycles and thoracic irradiation. Abbreviated regimens should be compared to 
standard duration regimes in the large and increasing LSCLC patient population.

TREATMENT RECOMMENDATIONS

After the diagnosis of SCLC, accurate staging should be completed as expediently as possible. Patients with LSCLC should have consultation from both medical and 
radiation oncologists prior to commencing treatment. If an appropriate clinical trial is available, it should be offered to the patient. Noninvestigational therapy should 
be given according to a published protocol rather than assembled in an arbitrary fashion. The treatment plan should be commenced without unnecessary delay.

Integration of Chemotherapy and Radiotherapy

Theoretical and clinical data suggest that the best results are obtained with a combination of multiagent chemotherapy and radiotherapy. Thoracic irradiation should 
be integrated concurrently with chemotherapy early in the program in a way that allows reliable delivery of both modalities.

Chemotherapy Prescription

Standard regimens include EP and alternating CAV/EP. The standard interval between cycles is 3 weeks. The EP combination should be administered concurrently 
with thoracic irradiation. Chemotherapy doses should not cause more than moderately severe myelotoxicity, and no more than four to six chemotherapy cycles are 
necessary. Elderly, frail, or noncompliant LSCLC patients who are unable to receive standard-duration chemotherapy may have useful palliation and potential for 
long-term survival with abbreviated chemotherapy (two cycles) and thoracic irradiation.

Thoracic Irradiation

Evidence suggests that irradiation is best administered concurrently to (or in close association with) one of the early chemotherapy cycles (first or second). The 
radiotherapy volumes should encompass all areas of gross primary and mediastinal disease, based on CT planning. Through tight initial definitions or the use of 
volume reductions, normal tissues may be spared; it is not possible to administer full dose to all sites of potential mediastinal spread. Application of newer imaging 
and conformal radiotherapy planning techniques offers the possibility of improved sparing of normal tissue and of escalating the dose to known tumor. 
Dose-fractionation regimens may range from 40 Gy in 15 fractions to 50 Gy in 25 fractions (based on evidence from randomized trials). Twice-daily fractionation (1.5 
Gy to 45 Gy) is also an appropriate standard of care. Standard regimens should start on Monday to minimize weekend interruptions. Unnecessary treatment breaks 
should be avoided. In the absence of evidence of infection, thoracic irradiation should not be interrupted for neutropenia, regardless of its severity.

Supportive Care

Until lung cancer symptoms are controlled by antineoplastic therapy, appropriate symptomatic treatment is essential not only for patient comfort but also because 
these measures may enhance the fidelity of the combined modality program. Similarly, prevention and treatment of side effects and complications minimizes protocol 
violations.

Standard chemotherapy regimens can be given with a good margin of safety without colony-stimulating factors. Administration of granulocyte colony-stimulating factor 
(G-CSF) to patients who have treatment delays or reductions because of neutropenia is reasonable when treatment is potentially curative. Because increased 
thrombocytopenia has been observed when CSFs are given with concurrent chemoradiation, 147 cytokine supportive care in this setting should be avoided.

Clinicians must assess the psychosocial needs of lung cancer patients and use the expertise of their health care colleagues specializing in this area. Inadequate 
psychological support of the patient can undermine the best treatment plan. Smoking cessation after successful treatment of SCLC is associated with fewer 
smoking-related second primary cancers.187 These patients must be actively encouraged and assisted to stop smoking.

Restaging of Responding Patients

LSCLC patients who achieve a satisfactory radiographic response of thoracic disease from combined modality therapy do not require restaging. 188 Repeat 
bronchoscopy may identify a small proportion of complete radiographic responders with residual disease, which may be of academic interest. However, in the 
absence of a proven therapy that can convert partial responders who have already received both chemotherapy and thoracic irradiation into complete responders with 



potential for long-term survival, the patient discomfort and additional costs mitigate against restaging bronchoscopy.

RESEARCH PRIORITIES

Unlike breast and bowel cancer, no large trials (more than 1,000 patients) have set out to definitively answer important questions in the treatment of LSCLC. To a 
limited extent, the lack of large trials can be augmented by the metaanalysis of smaller trials, which have used similar protocols. However, heterogeneity of trial 
design, drug usage, and radiotherapy application among trials reduces the likelihood that differences will be seen when study patients are distributed across several 
studies compared to their consolidation within larger studies. The potential increase in plausibility obtained by the demonstration of a therapeutic effect in various 
trials is offset by the likelihood that a small but meaningful therapeutic advance will go unproven. A second concern with the results of metaanalyses of multimodality 
therapy is that multiple protocol differences may permit several interpretations of the reason(s) for any observed differences. The rationale for the creation of large 
intergroup trials is particularly strong in LSCLC, where modest therapeutic advance seems possible.

Lung cancer investigators must decide how much of change in long-term survival is important enough to warrant a clinical trial large enough to prove it. Most would 
probably agree that an increase in the cure rate of 10% is worthwhile. What about 5%? Many would reply affirmatively. For a disease this common, a true increase in 
the cure rate of 5% would save many patients. What about less than 5%? Probably not. Table 54.5 gives the sample sizes for trials where clinical parameters are in 
the range of those likely to be seen in LSCLC trials in the future. Examination of this table shows that only a few of the trials conducted to date have sample sizes that 
exceed the smallest of those in the table. Although most trials are small, metaanalyses have been able to demonstrate value in the use and timing of radiation. 
However, it will never be apparent what improvements will be missed because of the lack of large meaningful clinical trials. A substantial improvement from a 
succession of small advances is realistic.

TABLE 54.5. TOTAL SAMPLE SIZE REQUIRED FOR TWO-ARM PHASE III TRIALS AS A FUNCTION OF OVERALL SURVIVAL RATE AND IMPROVEMENT IN 
OVERALL SURVIVAL RATE

Research priorities for LSCLC may include (a) further studies confirming the importance of timing of thoracic irradiation in combined modality therapy, (b) evaluation 
of more effective thoracic irradiation, (c) and modification of drug resistance. Investigation of chemotherapy regimens including a new drug should consider whether 
the combination regimen can be given concurrently or adjacent to thoracic irradiation. A large array of drugs with novel molecular targets provides welcome relief from 
an increasingly tedious cytotoxic drug agenda.

The clinical work performed to date appears to allay one important and serious concern. With dosage adjustments and modern methods of supportive care, it is 
possible to put patients through fairly rigorous combined modality treatment programs without unacceptable morbidity. Thus ethical concerns that might otherwise 
have impeded the clinical testing of these concepts appear satisfied. The ethics of phase II and III studies for LSCLC patients must consider that standard combined 
modality therapy may achieve a five-year survival rate of 20% or more.

CONCLUSION

The opportunity for demonstrating treatment improvements for LSCLC would appear to be greater for systemic chemotherapy, where a large array of drug 
permutations and dosing variations is used. Additionally, the entire LSCLC population is a potential beneficiary of bona fide improvements in chemotherapy. For 
radiotherapy, the entire group is eligible for better local control, but only patients without drug-resistant metastases outside the radiotherapy volume are eligible for a 
contribution of thoracic irradiation to cure. It is disappointing that an advance in the efficacy of chemotherapy for SCLC has not been convincingly shown for more 
than 20 years. On the other hand, several radiotherapy interventions have shown significant contributions to LSCLC median and long-term survival in phase III 
randomized trials or metaanalyses, including (a) addition of thoracic irradiation to chemotherapy, (b) importance of early timing of thoracic irradiation, (c) increase in 
thoracic irradiation intensity, and (d) addition of prophylactic cranial irradiation to complete responders. Progress in the integration of modalities for LSCLC probes 
fundamental aspects of tumor biology. The LSCLC treatment model of early integration of local and systemic therapy should be considered for other rapidly growing 
cancers for which local and systemic therapy are combined with curative intent despite a high probability of the presence of metastases and chemotherapy resistance.
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HISTORICAL BACKGROUND

Although small cell lung cancer (SCLC) accounts for 20% to 25% of all primary bronchogenic carcinomas, this tumor represents less than 5% of cases in most 
surgical series. The discrepancy can be explained by the biologic behavior of SCLC, which results in dissemination to regional lymph nodes and/or distant metastatic 
sites in more than 90% of patients at the time of initial presentation. 1 Even patients with apparently “limited”-stage tumors probably have micrometastic disease at 
distant sites, which has the potential to proliferate if only local therapeutic modalities, such as surgery or radiotherapy, are employed. This explains why almost all 
surgical series from the prechemotherapy era reported five-year survival rates approaching zero for patients with small cell carcinoma. 2

Mountain reviewed the experience of the M.D. Anderson Hospital and Tumor Institute in the surgical management of 368 patients with pathologically proven SCLC 3 
and found that only one patient survived longer than 5 years compared to 15% to 25% of non–small cell lung cancer (NSCLC) patients ( Figure 55.1). Less than 15% 
of the tumors presented with a peripheral tumor mass, but no survival advantage could be identified even for this favorable subgroup. Surprisingly, the survival of the 
SCLC patients without lymph node involvement was not superior to those with bronchopulmonary and/or hilar nodes, or even to those with mediastinal nodal 
involvement (Figure 55.2). The size of the primary tumor did not seem to be prognostic, nor was the presence of atelectasis and/or pneumonitis associated with a 
significantly poorer outcome.

FIGURE 55.1. Bronchogenic carcinoma. Cumulative percentage of patients surviving according to morphology. (From Mountain C. Clinical biology of small cell 
carcinoma: relationship to surgical therapy. Semin Oncol 1978;5:272, with permission.)

FIGURE 55.2. Undifferentiated small cell carcinoma. Percentage frequency and cumulative percentage of patients surviving according to presence and extent of 
regional lymph node involvement. (From Mountain C. Clinical biology of small cell carcinoma: relationship to surgical therapy. Semin Oncol 1978;5:272, with 
permission.)

To determine whether it was ever appropriate to undertake surgery as the primary treatment for SCLC, a prospective randomized trial was mounted by the Medical 
Research Council of Great Britain. 4,5 In this study, 71 patients were randomized prospectively to undergo surgical resection, and 73 to receive a course of “radical 
radiotherapy” (30 Gy or more over 20–40 days). The median survival was 199 days for patients in the surgical arm and 300 days for patients who received 
radiotherapy (Figure 55.3). At 5 years, one and three patients were alive in the surgery and radiotherapy arms, respectively (p = 0.04). At 10 years, only the three 
patients in the radiotherapy arm remained alive. It was concluded from this study that radical radiotherapy was preferable to surgery, but that neither of the treatment 
policies was really effective. The investigators concluded that other therapeutic approaches (e.g. immunotherapy, chemotherapy, or various combinations) might be 
more successful, and they also suggested that it would be improbable that any advance in therapy could significantly reduce the overall death rate from this disease 
in the absence of successful smoking prevention programs. Is it not chastening to realize that 20 years later we could draw exactly the same conclusions from many of 
our lung cancer clinical research trials?



FIGURE 55.3. Survival in the two treatment series (all patients). (Working Party on the Evaluation of Different. Methods of Therapy in Carcinoma of the Bronchus. 
Comparative trial of surgery and radiotherapy for the primary treatment of small-celled or oat-celled carcinoma of the bronchus. Lancet 1966;2:979, with permission.)

The marginally superior long-term survival rate for patients treated with radiotherapy in the British Medical Research Council trial led some investigators to 
recommend a policy of preoperative radiotherapy followed by surgery for patients with SCLC. In a prospective phase II trial from the North Middlesex Hospital in 
London, 49 patients received low-dose preoperative radiotherapy (17.5 Gy) and 24 received higher dose radiotherapy (25 Gy). 6,7 Of the 90 patients who entered the 
study, 9 were inoperable and did not undergo surgery, and 73 eventually had resection. NSCLC was identified in nine patients. Eight patients survived 5 years, and 
two remained alive and disease-free more than 10 years postoperatively.

In a similar North American trial of preoperative radiotherapy that included both SCLC and NSCLC patients received higher dose radiotherapy, 30–40 Gy in 2 weeks 
followed by thoracotomy.8 No long-term survivors were seen for the small population of patients with oat cell carcinoma in this trial.

It was evident to investigators in the 1960s and 1970s that patients with SCLC were dying from systemic metastases, and that no manipulation of local treatment 
modalities would result in significant long-term survival in the absence of effective systemic treatment. Bergsagel et al. from the Princess Margaret Hospital were 
among the first to test the hypothesis that chemotherapy might add to the effects of local radiotherapy, and they showed a modest survival advantage for patients 
treated with single-agent low-dose cyclophosphamide. 9 The British Medical Research Council Lung Cancer Working Party undertook a similar trial in which 125 
patients were randomized prospectively to receive 30 Gy radiotherapy delivered in 15 fractions, or the same radiotherapy with systemic chemotherapy consisting of 
cyclophosphamide 500 mg/m2 given every 3 weeks and CCNU (1-(2-chloroethyl)-3 cyclohexyl-1-nitrosourea) 50 mg/m 2 orally every 6 weeks. A significant 
prolongation of progression-free survival was seen for patients in the chemotherapy arm, although a long-term survival benefit was not demonstrated. 10

Simultaneously, other investigators were applying the same adjuvant chemotherapy principles to surgical patients. In the United States, large adjuvant chemotherapy 
trials were conducted by the Veteran's Administration Surgical Adjuvant Group (VASOG). In a trial of 417 patients with all cell types of lung cancer, no survival benefit 
was identified for patients who received postoperative adjuvant cyclophosphamide alone or cyclophosphamide and methotrexate compared to a no-treatment control 
group.11 Eighteen patients with SCLC were included in that trial. Of those, one of six patients in the cyclophosphamide-alone arm and three of nine patients in the 
cyclophosphamide and methotrexate arm were alive at 3 years compared to no patients in the control group. This was the first report to suggest that adjuvant 
chemotherapy might prolong survival for patients with SCLC who had undergone complete surgical resection.

In 1982, Shields reviewed the results of four VASOG adjuvant chemotherapy studies, and undertook a separate analysis of the 148 patients (47%) in those trials who 
had SCLC.12 In the first trial, 28 patients were randomly assigned to receive nitrogen mustard and 27 to control, and in the second trial 26 patients were randomly 
assigned to receive cyclophosphamide and 20 to control. No survival advantage was seen for the patients in the chemotherapy arms of either trial. A small survival 
advantage was seen for patients in the chemotherapy arm of the three-arm trial, in which patients were randomized to receive prolonged intermittent courses of CCNU 
and hydroxyurea or no further therapy (Figure 55.4).

FIGURE 55.4. Survival of treated and control patients with undifferentiated small cell carcinoma in the nitrogen mustard (HN 2 and cyclophosphamide (Cytoxan) 
adjuvant chemotherapy VASOG lung trials. B: Survival of treated and control patients with undifferentiated small cell carcinoma in the prolonged intermittent 
cyclophosphamide (Cytoxan, CTX) and mathotrexate (MTX) adjuvant chemotherapy VASOG lung trials. C: Survival of treated and control patients with 
undifferentiated small cell carcinoma in the CCNU and hydroxyurea adjuvant chemotherapy VASOG lung trials. (From Shields TW, Higgins GA, Matthews MG, Keehn 
RJ. Surgical resection in the management of small cell carcinoma of the lung. J Thorac Cardiovasc Surg 1982;84:481, with permission.)

Shields and his co-workers also made other important observations from their analysis of the SCLC patients in the VASOG trials. They demonstrated the importance 
of TNM (tumor, note, metastasis) staging, which has long been recognized to have prognostic significance for NSCLC. Sixty percent of patients with T1 N0 M0 tumors 
were alive at 5 years, whereas there were almost no five-year survivors among the patients who presented either with T2-3 tumors or with mediastinal lymph node 
involvement (Figure 55.5). Patients with small primary tumors with only first-level hilar nodes involved had an intermediate survival of approximately 30%.

FIGURE 55.5. Survival, computed by the life-table method, from post-operative day 30 (early trials) or from randomization (recent trials) by TNM classification for 
patients with undifferentiated small cell carcinoma who had undergone a “curative” resection in the VASOG lung trials. (From Shields TW. Higgins GA, Matthews MG, 
Keehn RJ. Surgical Resection in the management of small cell carcinoma of the lung. J Thorac Cardiovasc Surg 1982;84:481, with permission.)



Although it had become accepted by the 1970s that surgical resection was not appropriate for most patients with SCLC, the observations of Shields and his 
colleagues suggested that a subpopulation of SCLC patients might benefit from a surgical approach. In a retrospective review of 40 patients with SCLC who 
underwent potentially curative resection between 1959 and 1972, Shore and Paneth reported an overall five-year survival rate of 25%. Four of ten patients (40%) 
without nodal involvement achieved long-term survival compared to nine of twenty-six patients (25%) who had hilar or mediastinal nodal involvement. 13 In a 
retrospective analysis of 106 resected patients from Japan, 87 cases were of the intermediate cell type and 19 of the oat cell type. 14 The five-year survival for the 
intermediate cell type was 10.3%, whereas only one of the oat cell type achieved long-term survival. Other investigators have not identified a significant survival 
advantage for patients with the intermediate cell type, 15 and this designation has largely been abandoned today.

SCLC usually presents with a central mass with associated hilar and mediastinal adenopathy. Lennox et al. observed that patients who had larger or more proximal 
tumors and who required a pneumonectomy were less likely to achieve long-term survival. Their two- and five-year survival rates for patients who required only a 
lobectomy were 32% and 18%, respectively, compared to 14.4% and 7.2%, respectively, for pneumonectomy patients. 16 Occasionally, SCLC can present as a solitary 
pulmonary nodule. Between 1958 and 1963, 1,134 patients with asymptomatic solitary pulmonary nodules were assessed by VASOG members. 17 Only 15 patients 
(4%) were found to have small cell pathology, and of those, 11 were able to undergo a curative surgical procedure. One-, five-, and ten-year survival rates for those 
11 patients were 63.6%, 36.4%, and 18.2%, respectively. Because most of these patients underwent surgery before the chemotherapy era, it may be assumed that 
approximately one-third of patients were cured by their surgery alone as measured by survival at the five-year mark.

From this historical review it is clear that any local treatment modality alone, whether surgery or radiation, is inadequate therapy for SCLC. If surgery is to have any 
role to play, it must be in the context of a combined modality treatment program with systemic combination chemotherapy and perhaps radiotherapy as well.

RATIONALE FOR SURGERY IN THE MANAGEMENT OF SMALL CELL LUNG CANCER

IMPROVED CONTROL AT THE PRIMARY SITE

SCLC is a highly chemosensitive tumor (Table 55.1). Response rates of 80% or more are achieved with current chemotherapy combinations, and complete clinical 
response is achieved in approximately 50% of patients with limited-stage disease. 18,19 Despite this high initial response rate, most patients experience relapse shortly 
after discontinuing treatment, and the two-year survival rate is 20% or less in most series. For patients with limited disease, the most common site of failure is the area 
of the primary tumor and its hilar and/or mediastinal draining lymph nodes. Overall, 50% of patients fail at the primary site, and for one-half of those patients, the 
primary site may be the only area of failure. Similar results have been found at autopsy. In a review by Elliott, residual tumor was identified at autopsy in the primary 
site in 64% of patients and in the hilar and mediastinal lymph nodes in 53% of patients with limited disease who had achieved complete clinical response. 20

TABLE 55.1. RATIONALE FOR SURGERY FOR LIMITED SMALL CELL LUNG CANCER

Initial attempts to improve control at the primary site focused on the addition of thoracic irradiation. Two metaanalyses of thoracic radiotherapy have been published 
for SCLC.21,22 The survival data for almost 2,000 patients in 16 trials were available, and data on local control rates were available for nine studies. Both 
metaanalyses showed that thoracic irradiation resulted in a reduction in local relapse rate from 47.9% to 23.3% (p < 0.0001). 21 They also demonstrated a small but 
significant survival benefit for patients who received radiotherapy. 21,22 Indirect comparisons of early to late radiotherapy and of sequential to nonsequential 
radiotherapy did not reveal any optimal time for the administration of this local treatment. 22

Based on the results of these metaanalyses, the standard therapy for patients with limited SCLC now consists of combination chemotherapy and thoracic irradiation 
with or without prophylactic cranial irradiation. Median survival longer than 20 months and five-year survival rates of approximately 20% have been reported. 23 
However, even the most successful combined modality treatment programs report isolated relapse at the primary site in 20% to 25% of patients, and a cumulative risk 
of recurring locally of 50%. This high local failure led several investigators to question whether surgical resection would result in improved local control. They 
postulated that control of bulk disease in the chest by surgery and eradication of low-volume micrometastatic disease by systemic chemotherapy would result in an 
increased cure rate. Small studies from several centers suggested that this might, indeed, be the case. The University of Toronto Lung Oncology Group reported only 
two local recurrences in 35 patients treated with combined modality therapy, which included surgical resection. 24 Similar results were reported by Comis et al., who 
observed no local recurrences in 16 patients who underwent adjuvant surgical resection after induction chemotherapy. 25

Mixed Histology Tumors

In approximately 5% to 10% of cases, SCLC is found in combination with other lung cancer histologies such as adenocarcinoma or squamous cell carcinoma. 26 
Investigators for the Eastern Cooperative Oncology Group (ECOG) reported that mixed histology tumors were more likely to present as peripheral lesions on chest 
x-ray, although they found that all other clinical characteristics were similar to those of the pure SCLC patients. When surgical series of SCLC are examined, it would 
appear that a higher percentage of patients have mixed small cell and non–small cell tumors. The University of Toronto Lung Oncology Group reported mixed 
histology in 14 of 79 patients (17.7%) who underwent initial surgery followed by adjuvant chemotherapy, and in 3 of 40 patients (7.5%) who had surgical resections 
after induction chemotherapy.28

It may be appropriate to consider a combined modality treatment program for patients with mixed histology tumors if they meet standard surgical criteria and have no 
evidence of extra thoracic spread. Because NSCLCs are relatively insensitive to chemotherapy, they are not likely to be controlled by systemic treatment. After initial 
treatment with chemotherapy for the small cell component, the addition of surgery to remove the non–small cell component might contribute to the potential for cure of 
this small subgroup of patients.

Late Recurrence After Successful Treatment of Small Cell Lung Cancer

Several reviews have now suggested that long-term survivors of SCLC are at high risk of developing second primary tumors, particularly second primary lung 
cancers.29,30,31,32 A review of 47 patients who survived longer than 2 years after treatment at the M.D. Anderson Cancer Center identified 14 patients who had second 
malignancies, and of those, 7 had second primary lung cancers. 29 In fact, their review suggested that a long-term survivor is more likely to have a second primary 
tumor than a relapse of SCLC. Although the patient population at risk for these second tumors is low because of the low cure rate for SCLC, clinicians seeing patients 
in follow-up must be aware that a new lesion on chest x-ray may not represent relapse but may be a new primary tumor. Such patients should be investigated similar 
to any other patient who is presenting with a lung mass for the first time. Histologic or cytologic confirmation of malignancy should be obtained, and if NSCLC 
pathology is found, then further workup should be directed at determining operability because surgical resection has the potential to be curative for some patients.

ADJUVANT CHEMOTHERAPY FOLLOWING SURGICAL RESECTION OF SMALL CELL LUNG CANCER



The first suggestion that adjuvant chemotherapy after surgery might prolong survival arose from Shields' review of the VASOG trials. 12 There were inadequate 
numbers of patients in any of these trials for the results to be statistically significant, and the chemotherapy administered would be considered inadequate by today's 
standards of systemic chemotherapy for SCLC. Nonetheless, the data suggested that, following complete resection of bulk disease at the primary site, systemic 
chemotherapy had the potential to eradicate micrometastatic tumor deposits.

These favorable results led several investigators to administer combination chemotherapy to all patients following complete resection of SCLC. A summary of 10 such 
trials is shown in (Table 55.2).12,33,34,35,36,37,38,39,40,41,42,43 and 44 All of the studies were retrospective reviews, so they suffer from the inherent weaknesses of any 
retrospective assessment of a treatment policy.

TABLE 55.2. SURVIVAL ACCORDING TO PATHOLOGIC STAGE FOR PATIENTS TREATED WITH ADJUVANT CHEMOTHERAPY AFTER SURGERY FOR 
SMALL CELL LUNG CANCER

For many of the patients in these series, surgery was undertaken because a preoperative diagnosis of SCLC had not been made. For some, it had not been possible 
to obtain adequate tissue for any malignant diagnosis, and for others a preoperative diagnosis of NSCLC had been made. Some of those patients were subsequently 
found to have mixed histology tumors with both small cell and non–small cell components whereas others had pure small cell tumors that had been incorrectly 
diagnosed preoperatively. Maassen 37 reported that only 18 of 24 patients had a correct histologic diagnosis of SCLC preoperatively. In a series of 63 patients 
reported by the University of Toronto Lung Oncology Group, 38 only 18 had a correct preoperative diagnosis of SCLC. Postoperatively, SCLC was seen in 54 patients 
and mixed histology tumors in 9.

For most of the studies, chemotherapy was not standardized, and because most of the reviews included patients seen over a 10 or more year period, multiple 
chemotherapy protocols were often employed. With the exception of the early trials reported by Shields 12 and Hayata,33 all patients were treated with combinations of 
drugs that would be considered adequate even today. The duration of chemotherapy treatment was also variable and ranged from a single course of postoperative 
therapy to multiple courses for 18 months. Most groups administered approximately six cycles of treatment.

In addition to postoperative chemotherapy, some centers also administered local radiotherapy to the primary tumor bed and mediastinum as well as prophylactic 
cranial irradiation. Considering the variability in radiation treatment and incomplete reporting in several series, no conclusions can be drawn concerning the 
advisability of trimodality therapy.

Because so few patients with SCLC are surgical candidates, the TNM staging system is not generally applied to this subtype of lung cancer; instead, patients are 
classified simply as limited or extensive disease. The patients in the reviews summarized in ( Table 55.2) differ from limited-stage SCLC patients overall in that they all 
underwent pretreatment surgical resection, and therefore detailed pathologic staging is available. From the results shown, it is clear that the TNM staging system that 
provides such important prognostic and therapeutic information for patients with NSCLC may also be prognostic for patients with limited SCLC. In every study, the 
best survival was achieved by patients who had pathologic stage I tumors, and the poorest survival was seen for patients with pathologic stage III tumors. For stage I 
patients, survival ranged from 22% at 3 ½ years in the Danish series 33 to 61% at 4 years in the International Society of Chemotherapy Lung Cancer Study Group [See 
Figure 55.6].39,40 On average, it would appear that approximately 50% of patients with stage I SCLC may be cured with a combined modality approach that includes 
surgical resection and adjuvant combination chemotherapy. In the early trials, virtually no patients with stage III tumors achieved long-term survival. In the after 
reviews in which more aggressive combination chemotherapy regimens were employed, long-term survival ranged from 11% 37,42 to 35%.39,40 (See Figure 55.7). In all 
series, the survival of stage II patients was intermediate between that of patients at stages I and III. In fact, these survival rates are similar to those seen after surgical 
resection for similar stage patients with NSCLC (See Figure 55.8).

FIGURE 55.6. Life table survival curves for small cell lung cancer patients according to lymph node involvement. Patients with stage p T, N0, MO disease (solid line). n, 
63; pT, N1, MO (dotted line). (From Ulsperger E, Karrer K, Denck H, ISC-Lung Cancer Study Group. Multi-modality treatment for small-cell bronchial carcinoma. Eur J 
Cardiothorac Surg 1991;5:306, with permission.)

FIGURE 55.7. A comparison of survival by stage for patients treated with adjuvant chemotherapy after surgical resection for small cell lung cancer. (From Shepherd 
FA, Evans WK, Feld R, et al. Adjuvant chemotherapy following surgical resection for small cell carcinoma of the lung. J Clin Oncol 1988;6:832, with permission.)



FIGURE 55.8. Comparison of survival by pathologic stage for 38 patients with small cell lung cancer treated with adjuvant surgical therapy after chemotherapy. (From 
Shepherd FA, Ginsberg RJ, Patterson GA, et al. A prospective study of adjuvant surgical resection after chemotherapy for limited small cell lung cancer. J Thorac 
Cardiovasc Surg 1989;97:177, with permission.)

What may be concluded from these series? All of the studies that employed intensive combination chemotherapy reported survival that appears to be superior to the 
survival seen in patients following surgery without adjuvant chemotherapy. Although these comparisons are retrospective, it is likely that the improved survival is 
attributable to the postoperative chemotherapy treatment and not to improvements in surgical techniques or supportive care. It seems appropriate, therefore, to 
recommend that combination chemotherapy be administered to patients who have undergone resection for limited SCLC because the short-term toxicity of such 
treatment is usually manageable, and the long-term toxicity is probably minimal. The University of Toronto Lung Oncology Group recommends no more than six 
treatment cycles38 because survival does not seem to be superior for patients who receive 12–18 months of postoperative treatment. 36,44 Whether fewer than six 
cycles may also be adequate is unknown. In the study reported by Hara et al. 42 11 patients treated between 1972 and 1981 received only one postoperative course of 
combination chemotherapy, and 26 patients treated from 1982 to 1989 received only two courses of chemotherapy followed by consolidation radiotherapy.

Although the five-year survival rates for patients with stage I and II tumors were excellent, only 10.7% of patients with stage III tumors were alive at 5 years. These 
results appear to be somewhat poorer than those achieved by other groups that administered a more prolonged course of adjuvant chemotherapy, although firm 
conclusions cannot be drawn from these retrospective analyses. Littlewood et al. 46 treated two young patients by pneumonectomy followed by a single course of very 
high-dose chemotherapy and autologus bone marrow transplantation. Both patients relapsed, 118 and 80 weeks after treatment. It would appear, therefore, that a 
brief course (maximum six treatment cycles) of standard-dose combination chemotherapy should be the treatment of choice for patients at this time.

Although these retrospective trials support the recommendation for adjuvant chemotherapy after surgical resection, it is not possible to state with certainty which 
patients have the potential to derive most benefit from adjuvant chemotherapy and whether it is necessary to administer such treatment to all patients. Shah et al. 47 
reported 43.3% actual five-year survival for 28 patients who underwent complete surgical resection without postoperative chemotherapy. The actual five-year survival 
for patients with stage I disease was 51.1%, and surprisingly, was 55.5% for stage III patients. No patient with stage II disease survived 5 years. More than one-half 
the patients in this study had peripheral tumors, and their survival was better than that of the patients who had central tumors. Peripheral stage I NSCLC is 
uncommon. In the VASOG cooperative study of solitary pulmonary nodules, only 11 of 309 patients who underwent curative resection were found to have small cell 
tumors.17 Their median five-year survival was 36.4% and their median ten-year survival was 18.2%. The details of postoperative therapy, if any, for these patients 
were not provided, but it is likely that they did not receive aggressive combination chemotherapy. It is interesting to note that their five-year survival rates were very 
similar to those of the other lung cancer cell types in the review. The five-year survival rate is less than that reported by Shah et al., and one can only speculate 
whether superior survival might have been achieved with the addition of combination chemotherapy.

On the other hand, it is not possible to draw firm conclusions concerning the contribution of the surgery to the overall survival of these patients. The survival of 
patients who undergo surgery should not be compared directly to the survival seen in trials of standard chemotherapy and radiotherapy for limited-disease SCLC. It 
must be remembered that surgical series include only a select subgroup within limited disease from which patients with adverse prognostic factors, such as 
supraclavicular adenopathy, bulky primary tumors with superior vena caval obstruction, and/or pleural effusions, have been specifically excluded.

Surgery, if it does play a role in the treatment of SCLC will do so by improving control at the primary site. Relapse patterns were reported in only seven of the trials 
reviewed,34,38,41,42,43,45,46 but the results from those studies suggest that surgery did contribute to local control because isolated local relapse was seen in only 8 of the 
201 patients in those studies (Table 55.3). It must be remembered, though, that these patients represent only a select subgroup of the entire group of limited SCLCs 
in that they were considered “operable” at the time of diagnosis. It is quite possible, therefore, that this high rate of local control was attributable only to the fact that 
the patients in these series has less locally advanced tumors and that the local control rate might have been equivalent with a combination of systemic chemotherapy 
and thoracic irradiation.

TABLE 55.3. PATTERN OF RELAPSE FOR PATIENTS WITH SMALL CELL LUNG CANCER TREATED WITH SURGERY FOLLOWED BY ADJUVANT 
CHEMOTHERAPY

PROSPECTIVE TRIALS OF INDUCTION CHEMOTHERAPY FOLLOWED BY SURGICAL RESECTION FOR SMALL CELL LUNG CANCER

Phase II Trials

The encouraging results achieved with initial surgical resection followed by adjuvant chemotherapy led several groups to undertake prospective studies of systemic 
chemotherapy followed by surgery for certain patients with limited SCLC. The results of nine such prospective phase II trials are summarized in ( Table 
55.4).48,49,50,52,52,53,54,55 and 56



TABLE 55.4. PROSPECTIVE PHASE II TRIALS OF INDUCTION CHEMOTHERAPY FOLLOWED BY SURGERY FOR LIMITED SMALL CELL LUNG CANCER

All of the studies administered multiple courses of combination chemotherapy, which included most of the agents that are active against SCLC (i.e., 
cyclophosphamide, doxorubicin, vincristine, etoposide, and cisplatin). The number of preoperative chemotherapy courses ranged from two to six, and the overall 
response rate was greater than 88% in all studies except that of Baker et al. 51 In that study, patients received only two preoperative courses of chemotherapy, which 
may explain the low complete response rate of 3% and overall response rate of only 54%. This finding might suggest that a longer course of induction chemotherapy 
would be advisable, although in the small study reported by Benfield et al., 52 88% of patients responded to treatment and 100% were able to undergo complete 
surgical resection after only two courses of chemotherapy. Not all responding patients underwent thoracotomy. On average, approximately 60% of patients were 
considered to have responded adequately enough for surgical exploration, and of those, more than 80% could be resected completely. When calculated from the total 
number of patients who entered the studies, the overall complete surgical resection rate was approximately 50%. Not all studies reported surgical toxicity, but it does 
not appear that the postoperative death rate or complication rate was significantly increased by the preoperative chemotherapy administered to these patients. Only 
three postoperative deaths were reported,51,54,55 all in patients who had required a complete pneumonectomy. Other postoperative complications included infection, 
bronchopleural fistula formation, and reversible supraventricular tachycardias, but it does not seem that the surgical complication rate was greater than that observed 
after similar procedures in patients who have not received chemotherapy.

Not unexpectedly, the complete pathologic response rate was considerably lower than the clinical response rate. With the exception of Benfield et al., 52 all authors 
reported complete pathologic response in a few patients. The rate ranged from 4% 53 to 37%54 and on average was approximately 10%. It is of interest that this 
complete pathologic response rate is similar to that which has been reported in studies of induction chemotherapy followed by surgery for patients with locally 
advanced (stage IIIA or IIIB) NSCLC.58

All investigators found that survival strongly depended on TNM stage. Patients with stage I (T1–2 N0) tumors had the best prognosis, with five-year survival rates that 
approached 70% for completely resected patients. Stage II and III patients fared less well, but all series reported a few patients with stage IIIA tumors (N2) who 
achieved long-term survival and appeared to be cured by their combined modality treatment program. The median survival for the entire group of patients who entered 
the trials (including those who did not procede to thoracotomy) was reported for only six studies and ranged from 13 to 33 months. 49,50,52,53,54 and 56 Several authors 
reported the highest cure rate for patients who required only a lobectomy, 49,56 although this finding was not confirmed by all authors. 48,50 Almost no long-term survival 
was seen in patients who were found to have unresectable tumors at the time of thoracotomy.

Patients who achieved a complete pathologic response and who had no viable tumor identified at thoracotomy had the best survival. Williams et al. 49 reported that all 
five patients with a pathologic complete response were cured of their tumors, compared to only 20% of patients who were operable but had viable SCLC present on 
pathologic review. None of their patients who had inoperable tumors at the time of thoracotomy was cured. 49

The objective of most of these trials was to assess the feasibility of combined modality therapy, which included chemotherapy and surgical resection, and to determine 
whether surgery could contribute to long-term survival and cure by reducing the local recurrence rate. Local relapse rates ranged from 0% 48 to 40% of completely 
resected patients.51 Most series reported local failure rates ranging from 10% to 20% for patients who were able to undergo successful resection ( Table 
55.5).48,50,52,53,54,55,56,59 Not surprisingly, local control was found to correlate with the degree of response to chemotherapy and the completeness of the surgical 
resection. Of the patients who responded to chemotherapy and proceeded to surgery, approximately 15% of patients had unresectable tumors. When these patients 
are added to those who relapsed locally, the local failure rate rises to more than 25% of the surgical patients.

TABLE 55.5. PATTERN OF RELAPSE FOR PATIENTS WITH SMALL CELL LUNG CANCER TREATED WITH INDUCTION CHEMOTHERAPY FOLLOWED BY 
SURGERY*

These phase II trials led to observations that were important in the design of subsequent randomized trials of surgery for limited SCLC. They showed that combined 
modality treatment was feasible and that the preoperative administration of chemotherapy did not result in excessive postoperative morbidity or mortality. All 
investigators recognized that the favorable survival achieved in these trials might be caused by patient selection. The Toronto group emphasized the importance of 
selection bias after their review of limited-stage SCLC treated at their institutions over a ten-year period. 50 They reported a significant survival advantage for patients 
who had no clinical evidence of mediastinal node involvement. This group, which would include the type of patients who might be considered for surgery protocols, 
had a 20% cure rate with standard chemotherapy and radiation alone, compared to no long-term survival for patients with more advanced tumors. Prospective 
randomized trials clearly were needed to determine the true role or surgery for patients with limited SCLC.

Randomized Trials

In an attempt to determine whether the addition of surgery to combination chemotherapy and radiotherapy could prolong survival and improve the cure rate for 
patients with limited SCLC, the Lung Cancer Study Group initiated a prospective randomized trial of adjuvant surgical resection in 1983. 61 Most patients with 
limited-stage tumors were eligible for this trial, and it is important to note that patients with clinically evident mediastinal lymphadenopathy were not excluded from the 
study. Induction chemotherapy consisted of cyclophosphamide, doxorubicin, vincristine, and etoposide in the early phase of the trial, and cyclophosphamide, 
doxorubicin, and vincristine alone in the later phase. In the absence of toxicity or progressive disease, patients received five preoperative cycles of chemotherapy. 
They were then restaged and underwent medical assessment to determine their suitability for thoracotomy and pulmonary resection. Eligible patients were 
randomized to receive either surgical resection followed by radiotherapy to the chest and prophylactic cranial irradiation or to the same radiotherapy alone. Three 
hundred and forty patients entered the trial. The clinical response rate to chemotherapy was 68% (28% CR, 37% PR), but at the completion of induction 
chemotherapy, only 144 (42%) patients were randomized, 68 to receive surgery and radiotherapy and 76 to receive radiotherapy alone. Of the 68 patients who were 
randomized to surgery, six did not undergo thoracotomy, but eight patients had off-study surgery, so a total of 70 thoracotomies were performed. Fifty eight patients 



were able to undergo resection of tumor (83%), and after pathologic review, 54 were thought to have had a complete resection (77%). A complete pathologic 
response was documented for 18% of patients who underwent surgery. Non–small cell pathology was found in 11% of patients. All randomized patients received 
radiotherapy to the chest, 50 Gy delivered over 5 weeks, and prophylactic cranial irradiation, 30 Gy over 3 weeks.

The median survival from enrollment for all patients was 14 months, and for the randomized patients was 18 months, with no difference seen between the groups in 
either median survival or long-term survival ( Figure 55.9). Because only one-half of the randomized patients in this study underwent surgical resection, it is not 
possible to compare survival based on pathologic stage or TNM subgroup. The Toronto Group was the first to draw attention to the discrepancy between clinical 
staging and pathologic staging for patients with SCLC; 53 they showed that clinical staging could not identify subgroups of patients with different prognoses ( Figure 
55.10).29 Similar results were found in this study in which patients were staged carefully at the time of surgery. For all patients, it was a protocol requirement to submit 
multiple lymph node samples, and a mean of 10 lymph nodes were submitted for each of the 70 patients who underwent thoracotomy. Clinical and surgical TNM 
stages after chemotherapy were the same in only 20 patients (29%), and patients most often moved into a more advanced stage. 62 For the surgical group, no 
difference in resectability was identified for patients in any T or N subgroup, although there seemed to be a trend toward unresectability for patients with T3 tumors (p 
= 0.08). All pathologic T and N subsets in the surgical patients had similar survival.

FIGURE 55.9. A comparison of survival for patients randomized to thoracotomy and radiation or radiation alone. (From Shields TW, ed. General Thoracic Surgery, ed 
4. Baltimore: Williams & Wilkins, 1994, with permission.)

FIGURE 55.10. A comparison of survival by pretreatment clinical stage for 119 patients who underwent surgery for limited small cell lung cancer. (From Shepherd FA, 
Ginsberg RJ, Feld R, et al. Surgical treatment for limited small cell lung cancer. J Thorac Cardiovasc Surg 1991;101:385, with permission.)

Why was survival not improved by surgery, and how should we interpret the results of this Lung Cancer Study Group trial? The survival curves shown in Figure 55.9 
were generated on an “intent-to-treat” basis, which is, of course, proper for any prospective randomized trial. It should be noted, though, that 10% of the patients did 
not receive protocol-specified therapy. Six patients randomized to surgery declined operation, and of perhaps even greater significance, eight patients in the 
nonsurgical arm underwent thoracotomy and surgical resection. In a small study of this size, a 10% protocol violation of this nature may have masked a small but 
significant survival advantage in one of the treatment arms.

The next question to be asked is why complete surgical resection was possible for only three-quarters of the patients subjected to thoracotomy. Although the 
combination of cyclophosphamide, doxorubicin, and vincristine was considered standard therapy at the time, a disappointingly low response rate of only 65% was 
seen in this study. With newer regimens that incorporate etoposide and cisplatin and concurrent radiotherapy administered early in the course of the disease, 
response rates of 90% or more are standard.23,50,52,55,56 Might it have been possible that a more complete response to chemotherapy could have resulted in a higher 
complete surgical resection rate? The answer, of course, must remain speculative.

Seventeen percent of patients underwent “open-and-closed” procedures with no attempt at surgical resection. For some patients, the residual tumor was clearly 
unresectable at the time of thoracotomy. For other patients, though, the decision not to proceed to resection was based on scar tissue formation at the area of the 
primary tumor and in the mediastinum. Response to chemotherapy is often accompanied by an intense local schirrous reaction, which makes surgical resection more 
difficult. Tumors that may appear initially to be unresectable because of fibrosis may, in fact, be resected safely with careful dissection of the tumor bed and 
mediastinum. Because of the multi-institution, and indeed multinational nature of this large study, any individual surgeon operated on only a few patients. It is possible 
that had this study continued longer, the overall resectability rate might have been higher. This possibility is suggested by the observation that the resectability rate 
was higher for the Lung Cancer Study Group surgeons than it was in other centers that joined the trial at a later date. This difference may have resulted from their 
greater experience in operating on both small cell and non–small cell patients after induction chemotherapy.

Finally, patient selection undoubtedly played a large role in the ultimate results of this trial. All patients with limited disease were eligible to enter this study, with the 
exception of those who had supraclavicular lymph node involvement or pleural or pericardial effusions. This criteria meant that most patients had stage III (N2 and/or 
T3) tumors. It has long been recognized that surgery has very little role to play in the management of stage III patients with NSCLC, and this trial suggests that the 
same is true for patients with SCLC. Because many if not most patients with limited SCLC have mediastinal node involvement (often bulky) at the time of initial 
presentation, it is clear that surgical resection will have very little role to play for most patients with this disease. Nonetheless, it still remains possible that patients 
with early-stage disease (T1–2 NO, and perhaps nonbulky stage II) may benefit from a combined modality approach that includes surgery. Because so few patients 
fall into this subgroup (likely less than 10%), it will probably never be possible to undertake a prospective randomized trial to prove or disprove that surgery is 
appropriate in this setting.

SALVAGE OPERATIONS FOR PATIENTS WITH SMALL CELL LUNG CANCER

Treatment for patients who fail to respond to initial therapy, or who relapse after a primary response, remains unsatisfactory, and only brief periods of palliation and 
prolongation of survival are achieved with second-line chemotherapy and/or radiotherapy. This result has led several groups to evaluate whether surgery might be 
useful as salvage therapy for certain patients with limited SCLC.

Yamada et al.59 offered surgery as salvage therapy to nine patients after chemotherapy for limited SCLC. Two patients had failed to respond to chemotherapy, six had 
achieved partial response, and one had experienced a complete response. Four of the nine patients achieved long-term disease-free survival, which ranged from 3 to 
more than 11 years. Surgery was undertaken 1 ½ to 2 ½ years after the initial diagnosis, and no details were provided to suggest why it was felt that surgery might be 
appropriate for this patient population. Three of the long-term survivors had stage I tumors. These results were very similar to another cohort of 11 patients reported in 
the same article, for whom surgery was offered as consolidation of the primary chemotherapy. Once again, long-term survival was limited almost exclusively to 



patients with stage I tumors.

The Toronto Group reported their experience with salvage operations for 28 patients with limited SCLC. 67 Eighteen patients in their series had pure small cell tumors. 
Their overall median survival was 100 weeks, but only two patients survived 5 or more years ( Figure 55.11).

FIGURE 55.11. Survival of twenty-eight patients who underwent salvage operations for small cell lung cancer. (From Shepherd FA, Ginsberg RJ, Patterson GA, et al. 
Is there ever a role for salvage operations in limited small cell lung cancer? J Thorac Cardiovasc Surg 1991;101:196, with permission.)

In view of these small numbers, surgery cannot be recommended for patients with pure small cell tumors that fail to respond or who relapse after initial standard 
therapy. The only possible exception to this recommendation might be the rare patient with a true stage I tumor. If surgery is contemplated for these patients, 
mediastinoscopy should be undertaken preoperatively because it is unlikely that any benefit will be derived if the tumor has spread to the mediastinal lymph nodes.

In a few patients, NSCLC may be found in combination with SCLC. In a review of 429 patients seen at Vanderbilt University, mixed histology tumors were identified in 
only nine (2%) cases. 63 Mixed histology tumors may be seen somewhat more often in patients who have been submitted to surgery, and some reviews have 
suggested that mixed histology tumors may be seen in more than 10% of cases.28 In the series of salvage operations reported by the University of Toronto Group, 62 
eight patients had mixed histology tumors. The median survival for that group was 108 weeks, and four of the eight patients achieved long-term survival after 
operation. Three of those four patients had pathologic stage I tumors. Because a few patients with tumors of mixed histologic type may be cured by surgical treatment, 
consideration should be given to a second biopsy for patients who have localized resistant SCLC. Although few patients fall into this favorable subgroup, it is 
important to take the necessary steps to identify them because curative therapy may be available.

Several authors have now reported that long-term survivors of SCLC are at increased risk of developing second primary malignancies. 29,30,31,32 In fact, a long-term 
survivor is more likely to have a second primary malignancy than a relapse of SCLC, and many of these tumors arise in the upper aerodigestive tract, in particular the 
lung. In the University of Toronto series, eight patients underwent surgical resection at the time of “relapse” following a long disease-free interval after initial treatment 
for SCLC. Two were found to have NSCLC, and both achieved long-term survival after surgery.

It is recommended, therefore, that cytologic or histologic identification should be undertaken for long-term survivors of SCLC who develop a new lung lesion. If 
NSCLC pathology is documented, then the patient should be staged completely. Surgery should be considered if the standard medical and surgical criteria for 
resection that would be applied to all patients with NSCLCs are met. Once again, it must be recognized that any individual oncologist will see few of these patients. 
Nonetheless, it is the responsibility of the medical oncologist to undertake the appropriate diagnostic tests and arrange for a surgical consultation because potentially 
curative therapy may be available.

SUMMARY

Many lessons have been learned from the retrospective, prospective phase II and randomized trials of surgery for patients with SCLC. It is clear that patient selection 
is the most important determinant in the results obtained. Almost all authors have emphasized the importance of stage and have shown that, similar to NSCLC the 
chance of long-term survival and cure is strongly correlated to pathologic TNM subgroup. In fact, any consideration of surgery for patients with SCLC should probably 
be limited to those with stage I and perhaps a subgroup of stage II patients. Therefore, before surgery is ever contemplated, patients should undergo extensive 
staging of the mediastinum, including mediastinoscopy. Many groups have now shown that combined modality therapy with surgery either before or after 
chemotherapy is feasible, the toxicity is manageable, and the postoperative morbidity and mortality rates are acceptable.

The results of the Lung Cancer Study Group trial indicate that surgical resection will not benefit the majority of patients with limited SCLC. In general, the phase II 
studies suggest that the criteria of operability that are applied to NSCLC are equally valid for SCLC patients. Surgery could be considered, therefore, for all patients 
with T1–2 NO small cell tumors. Whether surgery is offered as the initial treatment or after induction chemotherapy does not seem to be important. Similar results 
were reported by Wada et al. 44 If a small cell tumor is identified unexpectedly at the time of thoracotomy, complete resection and mediastinal lymph node resection 
should be undertaken if possible. Chemotherapy should be administered postoperatively to all patients, even those with pathologic stage I tumors.

With respect to stage II disease, it is not possible to make generalized recommendations regarding surgery, and treatment decisions must be individualized. If surgery 
is to be part of the treatment approach, it should probably be offered as adjuvant treatment only to patients who have demonstrated response to initial systemic 
chemotherapy. As was recommended for patients with stage I tumors, complete resection should be undertaken if SCLC is identified unexpectedly at thoracotomy, 
even if hilar or intrapulmonary lymph nodes are found to be positive. These patients should then receive a full course of adjuvant chemotherapy when they have 
recovered sufficiently from surgery.

Surgery has little role to play for patients with stage III tumors. Even though chemotherapy can result in dramatic shrinkage of bulky mediastinal tumors, the addition of 
surgical resection does not contribute significantly to long-term survival for most patients, as shown conclusively by the Lung Cancer Study Group trial.

The final group of patients who may benefit from surgical resection are those with combined small cell and non–small cell tumors. If a mixed histology cancer is 
identified at diagnosis, then the initial treatment should be with chemotherapy to control the small cell component of the disease, and surgery should be considered for 
the non–small cell component. For patients who demonstrate an unexpectedly poor response to chemotherapy, and for patients who experience localized late relapse 
after treatment for pure small cell tumors, a repeat biopsy should be performed to rule out non-small cell pathology. Complete staging should be undertaken and 
surgery considered for stage I and II patients who are medically fit.
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The hypothesis is simple. Small cell lung cancer (SCLC) is a disseminated disease at diagnosis, best treated by systemic chemotherapy; subclinical disease in the 
central nervous system (CNS) is, however, in a sanctuary site protected by the blood–brain barrier; relatively low doses of prophylactic irradiation of the CNS may be 
able to eradicate this disease and so cure some patients who, having achieved a complete response (CR), would have relapsed in the CNS as the sole site of failure. 
Yet it has taken over 25 years since prophylactic cranial irradiation (PCI) was first tested in a clinical trial by the CALGB 1 before the expected survival advantage in 
patients with SCLC in CR could be detected by metaanalysis. 2 Even so, the role of PCI remains controversial, mainly because of concerns about late neurologic 
toxicity in long-term survivors.3 Other unresolved issues include questions about the optimum dose and fractionation of the radiotherapy prescription, the timing of PCI 
and the net quality-of-life benefit for treated patients. It is the purpose of this review critically to examine the available randomized and nonrandomized evidence in 
relation to the role of PCI in SCLC and to make recommendations about its use in practice.

HISTORY

In 1971, Aur and colleagues published a paper which demonstrated that the problem of CNS relapse in children with acute lymphocytic leukaemia could be partly 
overcome by the administration of cranial irradiation and intrathecal methotrexate early in complete remission. 4 That the success of this approach might be 
reproducible in the treatment of SCLC in adults was first suggested by Hansen in 1973. 5 In the same article he reported a 40% crude incidence of cerebral metastases 
in 20 patients following treatment with chemotherapy and thoracic irradiation, with an apparent increase in incidence with greater elapsed time from diagnosis. 
However, he did not report how many patients had active disease at other sites, although it was mentioned that neurologic manifestations became the major 
symptomatic feature in eight of the patients with cerebral metastases. Hence, although CNS disease was a major problem for these patients, no evidence was 
provided to suggest that the CNS was a sanctuary site. At the time Hansen's paper appeared, the first randomized trial comparing PCI with no CNS prophylaxis had 
already been initiated by the CALGB in December 1972, but the results were not published until 1980. 1 By 1993, 10 randomized trials comparing PCI with no 
prophylaxis had been published. 1,6,7,8,9,10,11,12,13 and 14 Although PCI appeared to reduce the incidence of cerebral metastases in all studies, none revealed an associated 
statistically significant survival advantage. In retrospect this is not surprising—most of the studies were small: seven had fewer than 100 patients randomized and 
therefore had low statistical power. In only two small studies 11,14 was CR an eligibility criterion for randomization. As we shall see, patients in CR are those likely to 
obtain the greatest survival benefit if prevention of isolated CNS relapse can be achieved. It is now obvious that the early PCI trials suffered from a lack of sound 
statistical input at the study design stage, and, rather than contributing to a resolution of the controversy, the first generation of trials may have only delayed 
recognition of the value of PCI. The second generation of trials were, however, based on a knowledge of the magnitude of the problem of isolated CNS relapse as a 
cause of treatment failure and were, in statistical terms, powered accordingly. This forms the subject of the next section.

CENTRAL NERVOUS SYSTEM INVOLVEMENT AS A CAUSE OF TREATMENT FAILURE IN SCLC

The high frequency with which CNS involvement complicates the course of SCLC is well recognized. 15,16 The incidence will vary depending on the method of 
detection, according to the following ascending scale of sensitivity: clinical, nuclear brain scan, CT, MRI, and postmortem histopathology. High-quality CT and MRI 
have become readily available for staging purposes only over the last ten years, and it is conceivable that many of the patients randomized in the trials mentioned in 
the previous section may have already had brain metastases by current staging criteria. In theory, these patients are least likely to benefit from the relatively low 
doses of radiotherapy used for PCI, and their inclusion in trials may have tended to obscure the benefits of PCI for those patients whose disease was truly 
microscopic.

Three main sites of CNS involvement are recognized: brain, leptomeninges, and spinal cord. A review of the postmortem documented incidence of CNS metastases 
revealed that the brain was most commonly involved (42%) followed by the leptomeninges (14%) and spinal cord (12%). 15 In a large study of 641 patients with SCLC, 
210 developed neurologic disorders during the course of their illness, including 178 cases with CNS involvement. 16 The frequency of involvement, as a percentage of 
the total population, was brain 24.8%, meninges 2.2%, and spinal cord 0.8%. In a nonrandomized study, PCI had no influence on the development of leptomeningeal 
or spinal cord metastases, although it did reduce the incidence of brain relapse. 17 Since a reduction of the incidence of meningeal or intramedullary disease is not the 
primary goal of PCI, the remaining discussion will concentrate on brain involvement as a cause of treatment failure.

The development of cerebral metastasis in the course of any malignancy is a catastrophic event because of the associated disabling morbidity and high mortality. The 
clinical features of brain involvement are likely to overshadow symptoms related to disease at other sites, even though that disease may be of greater bulk. Further, 
once cerebral relapse has been detected, it is unlikely that the patients will be subjected to a rigorous restaging, leading to an underestimate of the extent of 
extra-CNS disease. As a consequence, the frequency of the brain as a sole site of relapse may be overestimated.

In a recent review of 17 studies involving 1,202 patients with SCLC who did not receive PCI, the crude incidence of cerebral metastases was 25%. 18 The incidence 
was even higher (33%) in patients who had achieved a CR, possibly because of the longer survival of these patients and hence increased opportunity to develop 
brain metastasis. However many patients relapsed at multiple sites simultaneously, and in those studies in which first site of relapse was reported, the brain was the 
only site in 14%. In theory this is the proportion of patients who are most likely to benefit from eradication of subclinical disease by PCI—either curing those patients 
who have no disease elsewhere, or delaying death in those patients who do have extracerebral disease but who are more likely, in terms of competing risks, to die of 
their cerebral metastases. But as we have already seen, additional factors other than PCI—such as duration of survival—can influence the incidence of cerebral 
metastasis, and these need to be taken into account in any evaluation of the effect of PCI. We shall now consider these independent influences one by one.

Influence of Duration of Survival on the Risk of Cerebral Metastasis

In his original report, Hansen 5 noted an apparent increase in the risk of cerebral metastasis with lengthening survival. This observation was subsequently confirmed 



by others.19,20 In the study of Nugent and colleagues,19 the overall incidence of CNS metastasis was 49%, but for patients surviving two years, the cumulative 
probability rose to 80%. In the Komaki study, 20 32 patients not receiving PCI had a 58% calculated rate of clinical failure in the brain at two years. Arrigada and 
colleagues21 using a competing risk approach, reported an overall rate of 67% of patients with brain metastases at two years after achieving CR and 45% with brain 
metastases as a first site of failure.

The crude incidence of CNS metastases will continue to increase with increasing duration of survival unless there is a time at which the cumulative actuarial incidence 
reaches a plateau. For example, if the median time to CNS relapse were three years and the median overall survival duration were six months, then, assuming 
exponential distributions, the expected crude incidence of CNS relapse would be 14% if all patients were followed to death. If the median survival were one, two, or 
three years, then the expected crude incidence of CNS relapse would increase to 25%, 40%, or 50% respectively. Thus, as systemic treatment improves, CNS 
relapse will be an increasing cause of treatment failure in the future.

Influence of Systemic Chemotherapy on the Risk of Cerebral Metastasis

On theoretical grounds, the CNS should be impervious to the effects of systemically administered chemotherapy because of the blood–brain barrier. Recent clinical 
observations suggest, however, that this may not be so, since chemotherapy has been reported to induce responses in cerebral metastases in untreated and 
previously treated patients. 22 Twelves and colleagues23 assessed the response in 19 patients with symptomatic cerebral metastases who were treated with 
chemotherapy (cyclophosphamide, vincristine, and etoposide) and in whom cranial irradiation was withheld. Of 14 patients who had postchemotherapy scans, eight 
had a partial response and one a complete response; of the others, one had clinical neurological improvement, giving an overall response rate of 53%. The response 
rate of the intrathoracic tumor in these patients was 79%, suggesting either a partial “sanctuary site” effect or, alternatively, differences in chemosensitivity between 
primary and metastatic disease. In a study of similar design by Kristjansen and associates 24 in which the chemotherapy consisted initially of cisplatin, teniposide, and 
vincristine, the CT documented response rate of the cerebral metastases was almost identical at 52%.

In an autopsy study of 85 patients with SCLC, de la Monte and colleagues observed differences in the patterns of failure according to the type of treatment received. 25

 No patient had been given PCI. The incidence of CNS involvement in patients treated with chemotherapy with or without irradiation was 50% to 55%; in patients 
treated exclusively with thoracic irradiation, it was 75%. Since this last group had a shorter survival than the patients treated with chemotherapy, it would have been 
expected that the incidence of CNS involvement would have been lower rather than higher. One possible explanation for this observation is that the chemotherapy 
acted directly on subclinical CNS disease to reduce the autopsy incidence. If subclinical CNS disease is as sensitive to chemotherapy as are clinically evident 
cerebral metastases, the development of CNS involvement in spite of chemotherapy may be at least in part a manifestation of generalized chemoresistance, and not 
purely a “sanctuary site” phenomenon.

Influence of Thoracic Irradiation on the Risk of Cerebral Metastasis

That thoracic irradiation may have an effect on the subsequent incidence of CNS metastases was suggested by the results of a Canadian trial designed to investigate 
the importance of timing of thoracic irradiation in patients with limited SCLC. 26 Patients were randomized to receive thoracic irradiation either early (week 3) with 
chemotherapy, or later (week 15). Complete responders were given PCI when they had finished chemotherapy. Cerebral metastases developed more frequently in 
patients who were randomized to late thoracic irradiation, even though they had a significantly shorter survival. The authors postulated that this result may have been 
due, in the early radiotherapy group, to eradication of chemoresistant clones of cells at the primary site before they had the opportunity to metastasize. If radiotherapy 
is delayed, these cells can disseminate and proliferate outside the radiotherapy target volume, unaffected by chemotherapy. The lower incidence of brain disease 
contributed to but did not entirely account for the superior survival of patients randomized to early irradiation.

Two other randomized trials have been published addressing the issue of timing of thoracic irradiation and in which the incidence of CNS relapse was reported. 27,28 In 
contrast to the Canadian result, neither showed an influence of timing of thoracic irradiation on the incidence of cerebral metastasis. It is not possible directly to 
compare the three trials because of differences in the timing of both thoracic irradiation and PCI, with the result that the contrasting results cannot be easily explained 
and so the effect of thoracic irradiation on the probability of CNS relapse must be regarded as an open question.

Reseeding of the CNS as a Cause of Cerebral Relapse

The discussion thus far has treated the CNS as a primary site of treatment failure, but it is conceivable that the CNS could be a site of secondary relapse, even after 
PCI, as a result of reseeding from uncontrolled extra-CNS disease. If this were so, it would have implications for the timing of PCI, in particular whether it is 
appropriate to administer PCI before complete response is achieved. This issue has been considered by Hoskin and colleagues in a study of 30 patients who had 
achieved a complete response and who then had PCI (20 Gy in five fractions). 29 Seven patients then relapsed in the brain after first relapsing elsewhere: six initially in 
the thorax, and the seventh in bone. Cerebral relapse occurred at a mean interval of 4 (range one to six) months after first relapse. Basing their arguments on 
clinically observed doubling times of SCLC, the authors claimed that a period of 15 months would be required from the time of reseeding until clinical relapse 
occurred. They therefore concluded that CNS relapse in their study was more likely to be due to inadequate PCI dose rather than secondary failure.

Summary

When patients with SCLC develop progressive disease, they usually do so at multiple sites. In one autopsy study, the mean number of metastatic sites ranged from 
9.1 to 11.6, depending on the type of treatment administered 25; in another, it was 4.2.30 Cerebral metastasis as a sole site of first treatment failure may occur in fewer 
than 14% of patients; it is in this subgroup of patients that PCI has the potential to increase the probability of cure (in which case extracranial CR is a prerequisite) or 
at least to extend survival. Overall some 25% of SCLC patients may fail in the brain. Some survival benefit could be expected from PCI in these patients if more 
effective treatments of noncerebral metastases were available. Finally, it is now clear that factors other than PCI can influence the risk of CNS relapse, and unless 
these components of the treatment program are standardized in any comparative study evaluating PCI, their independent influence on the development of CNS 
metastases may be mistakenly interpreted as an effect of the PCI.

TREATMENT OF ESTABLISHED CEREBRAL METASTASES

If treatment could eradicate cerebral metastases at the time they become clinically or radiologically apparent, there would be less justification for PCI, although the 
relative morbidity of the two treatment approaches would need to be considered carefully. Of the treatments available, only surgery, radiotherapy, and chemotherapy 
are theoretically capable of inducing complete response, while corticosteroids are valuable for short-term symptom control. Because brain metastases are usually 
multiple,19 surgical resection or stereotactic radiotherapy are seldom options, although they can be useful for solitary metastasis resulting from other histologic types 
of lung cancer.31

Radiotherapy

This is the most frequently used treatment modality. Table 56.1 is a compilation of reports in which the response of cerebral metastases to radiotherapy was reported 
in patients with SCLC. The overall symptomatic response rate was 68% in 441 patients assessed for response. This represents an overall rate of 57% in the 527 
patients treated, many patients dying before an assessment could be made. Complete symptomatic responses were reported in 40% of 203 patients assessed or 32% 
of 251 patients treated. Response as measured by follow-up CT scanning was available in only two of the studies 32,33: only 35% of 114 assessable patients were 
judged to have had a complete response.



TABLE 56.1. RESPONSE TO THERAPEUTIC CRANIAL IRRADIATION IN SCLC

Most studies34,35,36,37 and 38 included patients whose cerebral metastases were detected at diagnosis, a group for whom PCI could never have been possible and who 
may have had a better result because they benefit from chemotherapy as well as radiotherapy. 39,40 In one report38 the complete response rate in patients treated for 
delayed metastases was only 28%, compared with 39% for patients with metastases at initial presentation. Hence the complete response rate in patients who develop 
delayed cerebral metastases may actually be 30% or less, taking into account those patients who may never be well enough to have radiotherapy.

Table 56.2 provides a representative list of some recently reported survival data following the diagnosis of cerebral metastases in SCLC. It is important to remember 
that not all patients actually received or completed radiotherapy, some being too unwell to have treatment, but they cannot be excluded in any evaluation of the impact 
of radiotherapy on survival. The results are uniformly poor, with most series reporting median survivals of approximately three months following the diagnosis of brain 
metastases. In the study by Ryan and colleagues,41 only 8% of patients survived 12 months. The longer median survival of 5.5 months observed by Mira et al 37 can 
be explained by the selection of their patients, all of whom had their cerebral metastases detected at diagnosis, before chemotherapy. Absence of extracranial 
disease may also favor improved survival, as observed by Postmus and associates 33 although not observed by others.42

TABLE 56.2. SURVIVAL FOLLOWING DIAGNOSIS OF BRAIN METASTASES IN SCLC

Perhaps the clearest picture of what is achievable when patients relapse in the brain is provided by the results of a prospective study (not listed in Table 56.1) in 
which 127 patients underwent three-monthly brain CT surveillance after the diagnosis of SCLC; PCI was not used, but radiotherapy was begun as soon as cerebral 
metastases were detected, whether symptomatic or not.43 Brain metastases were detected in 56 patients: 16 at presentation, nine of whom were asymptomatic, and 
40 on follow-up, 27 of whom were asymptomatic (i.e., detected by surveillance). When cerebral relapse was detected, the policy was to give 40 Gy in 20 fractions to 
the whole brain. Seven patients were never well enough to receive radiotherapy, and of the remainder, 26 died with active CNS disease or within a month of 
completing radiotherapy; hence 33 of 56 (59%) died because of or with active CNS disease. The patients whose disease was detected by surveillance showed no 
survival advantage in comparison with the symptomatic group; the authors concluded, therefore, that this approach was not an effective substitute for PCI.

Baglan and Marks35 and Kristjansen and Kristensen44 have each undertaken an exercise designed to measure the net benefit of PCI compared with delayed 
therapeutic irradiation. In both instances the authors concluded that the results of therapeutic radiation were such that the proportions of patients who will be left with 
neurologic symptoms at the end of their illness is the same whether PCI is given or not. However Baglan's and Marks's symptomatic response rates were estimated 
from a series including patients whose brain metastases were detected at diagnosis, thus biasing the conclusion in favor of therapeutic irradiation. Further, 17% of 
patients with brain metastases who either died, were lost to follow-up, or had a craniotomy with subtotal removal of metastasis were excluded from the symptomatic 
response calculations. The exercise took account of only symptomatic response and did not consider the poor survival (median three months) of patients following 
treatment of delayed metastases. Similarly, Kristjansen and Kristensen in their calculations used a rather high figure of 40% CR rate following therapeutic 
irradiation—30% may be more realistic; also they have not allowed for the fact that a percentage of patients who develop CNS metastases despite PCI may obtain a 
symptomatic CR as a result of subsequent therapeutic irradiation.

To make a realistic assessment of the value of PCI, both duration and quality of life need to be considered. Felletti and associates 45 attempted to assess the morbidity 
of cerebral relapse by measuring the time spent in hospital by patients who first relapsed in the brain and comparing it with the time spent by those who relapsed in 
the liver. Both groups had a similar survival from the time of relapse, but the brain group spent significantly more time in hospital; thus the authors concluded that 
brain relapse was associated with a greater morbidity. They commented that radiotherapy was relatively ineffective in producing an improvement in performance 
status in their patients, and that even if PCI did not influence survival, it might be justified because of its social and economic benefits.

Chemotherapy

In comparison with radiotherapy, there is much less information available on the efficacy of chemotherapy for cerebral metastases which have developed after 
previous treatment. In a phase II study of the EORTC Lung Cancer Cooperative Group, response and survival following treatment with teniposide were measured in 
80 patients with cerebral metastases from SCLC.46 The overall response rate was 33%, including 8% complete responses, but there were eight treatment-related 
deaths. These results appear inferior to those achieved with whole-brain irradiation, which the authors recommend is still the standard treatment.

Summary

The treatment of cerebral metastases which have developed following chemotherapy is unsatisfactory, resulting in short survivals and most patients dying of their 
cerebral cancer. Thus there appears to be ample justification for exploring ways of reducing the risk of patients' developing cerebral metastases.

RANDOMIZED TRIALS OF PCI IN PATIENTS IN COMPLETE REMISSION

From what has been said previously, it is clear that unless competing risks for death resulting from disease outside the CNS can be eliminated, the eradication of 
disease inside the CNS by PCI cannot be expected to increase the probability of cure in SCLC. Effectively this means that the population of patients who stand to gain 
from PCI, purely in survival terms, are the 14% of patients who, in the absence of PCI, relapse in the brain as the first and only site of relapse. Accordingly, if PCI is to 
be given “late,” only those patients who are in CR should be selected. Yet only two of the early randomized trials specified CR as a criterion for randomization. 11,14 
Both studies were too small to detect an influence of PCI on survival, although significant reductions in the incidence of cerebral metastases were seen in patients 
randomized to PCI. Several nonrandomized studies have suggested a survival advantage for patients in CR having PCI, 17,47,48 but this has not been a universal 



finding.49

Table 56.3 a compilation of randomized trials of PCI in which only those patients who had achieved a CR were eligible. Only three of these studies were large enough 
to have some prospect of detecting a survival advantage. 21,50,51 Two of the trials were coordinated by the Institut Gustav-Roussy: the first trial (IPC85) had a more 
elaborate design and included a mandatory neuropsychological assessment, 21 but the second trial (IPC88) focused on overall survival and allowed for some variation 
in PCI dose.50 IPC88 was closed prematurely when the results of IPC85 became available. All studies reported a reduction in CNS metastases in patients randomized 
to PCI, and this was highly significant in the IPC85 and European trials. 21,51 In the studies in which it was reported, survival was consistently better in the PCI arms, 
although this did not achieve statistical significance in any individual trial. However, when the results of seven separate randomized trials of PCI in CR were grouped 
together in a metaanalysis of individual data on 987 patients, there was a statistically significant 16% reduction in mortality in favor of PCI. 2 The survival benefit was 
consistent across the subgroups defined according to age, performance status, initial disease extent, and type of induction treatment. In terms of survival, however, 
PCI appeared to be less effective in women than in men. There was a trend for patients having higher doses or earlier PCI to have a greater reduction in risk of brain 
metastasis, but without an effect on survival. Thus the elusive survival benefit for PCI which had been predicted on the basis of first principles now appears to be 
supported by the available evidence. Interestingly the magnitude of the effect appears to be similar to what might have been expected based on what is known of the 
frequency of brain as the site of first failure.

TABLE 56.3. RANDOMIZED TRIALS OF PCI VERSUS NO PCI IN PATIENTS IN COMPLETE REMISSION

THE RADIOTHERAPY PRESCRIPTION: DOSE, FRACTIONATION, TIMING, AND TARGET VOLUME CONSIDERATIONS

The objective of PCI is to eradicate subclinical disease while minimizing the risk of producing injury to normal brain. To achieve the former requires sufficient dose and 
an adequate target volume. However, the risk of injury is dependent not only on total dose, but also on dose per fraction, especially for late effects. In this section we 
will consider one by one the individual parameters of the PCI prescription and their relevance to disease control and late toxicity.

Dose

A major advance in our understanding of the dose-response relationship for subclinical disease occurred with the publication in 1995 of an analysis by Withers and 
colleagues of the rates of reduction of metastatic disease according to dose of elective irradiation for various tumor sites. 52 In essence they were able to demonstrate 
that the percentage decrease in metastases bore a linear relationship to the dose of radiation administered, and that even very low doses of radiotherapy could be 
associated with a small reduction in the number of metastases. These observations fitted with a model in which the logarithm of the number of subclinical metastatic 
clonogens is distributed evenly in any series of patients between log 1 and log M, where M is the maximum number of cells that can remain clinically undetectable. 
Applying these principles to PCI, one would expect a greater reduction in CNS metastases in patients receiving higher doses, and in the only published study in which 
patients were randomized to two different dose levels of PCI (24 Gy in 12 daily fractions versus 36 Gy in 18 daily fractions), there was in fact a significantly greater 
reduction in cerebral metastases in the patients randomized to the higher dose. 51 The lower dose of 24 Gy was not associated with a statistically significant reduction 
in cerebral metastases, but the numbers in this study were small, with only 68 patients in the comparison. In the much larger French trials involving 505 patients in 
which the same dose of 24 Gy (given in eight fractions) was used, a highly significant reduction in metastases was detected. 50 The association between higher doses 
and reduced rates of cerebral metastases was confirmed in the metaanalysis, but there was no influence of dose on overall survival. 2

Suwinski and colleagues have performed an exhaustive analysis of the published literature on the dose-response relationship for PCI, using both randomized and 
unrandomized data53 and the methodology originally described by Withers and colleagues. 52 Their results are shown in Figure 56.1, in which the reduction in 
metastasis rate has been plotted against dose normalized to equivalent 2 Gy fractions (LQED 2Gy), using an a/b value of 10 Gy for tumors. Using a fitted regression 
curve, there appears to be a shallow dose-response relationship, with doses of 35 Gy or greater being required to achieve a 70% reduction in brain metastasis rate. 
The authors then divided the data into two subsets: an “early” group, in which PCI was initiated less than 60 days after the start of treatment for the primary, and a 
“late” group, in which PCI was given after 60 days. The dose of radiation to achieve a 50% reduction in cerebral metastases was approximately 7 Gy greater for the 
“late” compared with the “early” subset. Further, it appeared that there was a 15 to 20 Gy threshold before any reduction in metastases could occur in the “late” group, 
unlike the “early” group, in which there appeared to be no dose threshold. The explanation advanced is that the longer PCI is delayed, the greater the increase in 
subclinical metastatic burden, thus requiring a higher dose to achieve the same effect. When the analysis was restricted to patients who received PCI after achieving 
CR, a reduction in metastasis rate was again apparent, but there was no clear dose response. The authors suggested that among other things the explanation for this 
observation may have been the variety of time delays between treatment of the primary and initiation of PCI among the different studies. Although the methodology of 
Suwinski et al. is open to criticism—particularly the inclusion of data from nonrandomized studies and the use of an assumed standard figure for brain relapse rates in 
the absence of PCI—their results do fit nicely with radiobiologic theory, and their study represents the best available information on the dose-response relationship of 
PCI in SCLC.

FIGURE 56.1. Percentage reduction in metastases rate as a function of dose equivalents given in 2 Gy fractions (LQED 2Gy). (From Suwinski R, Lee SP, Withers HR. 
Dose-response relationship for radiation therapy of subclinical disease. Int J Radiat Oncol Biol Phys 1995;31:353, with permission.)

Dose per Fraction

One of the major disadvantages of higher-dose PCI is the greater duration and cost of treatment. In order to keep treatment times short, it has been common practice 
to hypofractionate PCI so that there is little or no reduction in total dose. For example, in the aforementioned paper of Suwinski and colleagues, 42 separate studies of 
PCI were included in their analysis, and in only six of these were fraction sizes of 2 Gy or less used. 53 But the brain is a late-reacting tissue particularly sensitive to 



size of dose per fraction, and if the risk of neurotoxicity is to be minimized, treatment should be limited to 2 Gy per fraction. 54

It is important to remember that dose per fraction can be significantly influenced by the number of fields treated at each session. For example, for a typical skull 
separation of 14.5 cm, the peak dose (one field per day) for cobalt-60 photons will be approximately 40% higher than the mid-separation dose; for 4 MV photons, it 
will be approximately 25%. Hence, for a prescribed midplane dose of 2 Gy with cobalt-60, the dose in the peak region will be 2.8 Gy. The effect of fraction size will be 
amplified even further if the prescribed midplane dose exceeds 2 Gy. If the dose limit of 2 Gy per fraction is to be adhered to, all fields should be treated daily.

One approach to keeping overall treatment time short without increasing fraction size is to use accelerated hyperfractionation. Although this approach has shown 
promise in the treatment of intrathoracic disease, 55 there are no reports of the use of multiple fractions per day for PCI.

Target Volume

Figure 56.2 is a simulation film of the skull demonstrating the field limits for a typical PCI treatment. The cross wire AB represents a line drawn from the supraorbital 
margin (by palpation) to the external auditory meatus, which is commonly taken to represent the base of skull, but it can be seen that this provides no margin on the 
middle or posterior cranial fossae. The lower-level CD is more appropriate, and this example highlights the need to simulate all patients. The value of including a 
cervical extension to C2 is unknown. In the French trial 21 testing the value of PCI, a cervical extension to C2–3 was specified, but was not required in another 
European trial.51

FIGURE 56.2. Simulation film for prophylactic cranial irradiation.

Timing of PCI

Since the incidence of cerebral metastasis increases with lengthening survival, it could be reasoned that PCI might benefit the greatest number of patients if given at 
the earliest opportunity after chemotherapy. The analysis of Suwinski and colleagues suggests that the same dose of PCI has a greater effect if given early rather 
than later.53 Patients in early PCI groups who achieve CR at the time of irradiation had a significantly longer brain-metastasis-free survival compared with those who 
had failed to achieve CR. There are two possible explanations for this observation, which has also been made by others. 17 One is that chemotherapy acts on 
subclinical cerebral micrometastases as well as disease at the primary site. It follows that patients achieving CR may obtain greater benefit from the effect of 
chemotherapy (over and above any effect of PCI) on any subclinical brain disease compared with patients not achieving CR, whose micrometastases are, like the 
primary site, partly chemoresistant. The second explanation is that patients not achieving CR have residual disease at the primary site which reseeds the brain after 
the subclinical metastases have been eradicated by PCI. 57 However this seems unlikely, since it has been calculated that it would require 30 months for a single 
clonogenic cell to become a clinically detectable metastasis. 29

The most logical argument in favour of delaying PCI until a complete response has occurred recognizes that complete responders are the only patients for whom 
long-term survival is possible, while incomplete responders and nonresponders will die from uncontrolled extra-CNS disease. If PCI is given at the outset of systemic 
therapy, there will be additional patients treated who will never achieve CR—approximately 50%—for whom PCI is likely to be of little or no benefit. Further, there are 
dangers if chemotherapy and radiotherapy are given simultaneously, 58 and it may be safer to delay PCI until at least the first course of chemotherapy has been 
delivered. Although present indications are that PCI should be administered at the earliest possible opportunity after a CR has been achieved, a 1996 consensus 
report of a workshop of the International Association for the Study of Lung Cancer conceded that the optimal timing and dose of PCI are not known, and that further 
studies of these issues are required.59

TOXICITY

The acute toxicities of PCI include temporary hair loss, nausea and vomiting, and headache. 21 The risk of headache may be reduced by prophylactic administration of 
corticosteroids.

Late Neurotoxicity

Therapeutic radiation is a well-established cause of CNS injury. 60 The likelihood and severity of CNS injury are dependent on total dose and also on dose per 
fraction.54 Since total doses in the vicinity of 60 Gy given in 2 Gy fractions have been used with comparative safety in the treatment of cerebral tumors, 61 it could not 
have been anticipated that lower doses in the range of 30 to 40 Gy, as used for PCI, might later be associated with irreversible long-term injury, even allowing for 
differences in dose per fraction. Of course, patients with brain tumors mostly have neurologic deficits prior to radiotherapy, and any late damage resulting from 
treatment may be obscured by preexisting deficits or features of recurrent disease. In contrast, patients for whom PCI is prescribed, are neurologically intact—or are 
they? Van Oosterhout and associates performed pretreatment neuropsychologic tests on 14 patients known not to have cerebral metastases and compared their 
performance with that of 14 matched controls.62 The performance of the patients before they received any treatment was significantly inferior to the controls, but there 
was no deterioration in the performance of the patients when they were retested during and after chemotherapy and one and five months after PCI. Komaki and 
colleagues performed neuropsychologic tests on 30 patients with SCLC before going on to PCI after they had responded to chemotherapy and thoracic 
radiotherapy.63 Twenty-nine of the patients had evidence of cognitive dysfunction. Excluding nine patients with a prior neurologic history, 84% had impaired verbal 
memory, 39% had frontal lobe dysfunction, and 21% had fine motor incoordination. It is not clear if the patients had CT or MRI of the brain at the time of testing to 
exclude cerebral metastases as a cause for these findings, but further studies on patients with limited disease who had not received any treatment revealed similar 
levels of impairment.64 The authors concluded that the disease, rather than the treatment, somehow accounted for the cognitive deficits. However, in a study involving 
patients with breast cancer, some of whom had received adjuvant chemotherapy, there did appear to be an effect of chemotherapy on cognitive function, particularly 
in patients having high-dose therapy. 65 Thus the available evidence suggests that both the underlying disease itself and chemotherapy may be associated with 
neurologic complications independent of and preceding the administration of any PCI.

The first report of neurologic toxicity following PCI appeared in 1976 when a syndrome of poor attention span, recent-memory loss, and action tremor was described in 
13 patients who had received PCI (20 to 30 Gy in 2 Gy fractions) concurrently with a doxorubicin-containing three-drug regimen. 66 The symptoms appeared within two 
to four months of commencing treatment and were reversible in all patients within four months of onset. An update published two years later confirmed the original 
observations in a larger number of patients; the symptoms were particularly severe in patients receiving 30 Gy, but the effects were not permanent. 67 That this 
syndrome had not been reported previously was probably due to the fact that this was one of the first reports of combined chemotherapy/radiotherapy involving 
doxorubicin, now recognized as a potent enhancer of radiation toxicity. Follow up of 13 long-term survivors (18 to 48 months) revealed no permanent clinical effects 
other than mild impairment of mental function in six patients, two of whom had not received PCI.68 Subsequent reports of neurotoxicity following PCI confirmed the 
character of the syndrome—memory loss and ataxia—but also documented irreversibility of the symptoms and even fatalities. A review of 16 studies involving 691 
patients revealed an overall crude incidence of significant neurologic toxicity in 19%. 18 A puzzling feature of the data was the wide variation in the reported incidence 
of toxicity—from under 10% in some reports47,69 to 75% in another.70 All studies were retrospective and most lacked information on pretreatment neurologic status. 



Only a small minority of studies included for comparison a cohort of patients who had not received PCI. In two nonrandomized studies there was a greater incidence 
of neurotoxicity in patients who had received PCI compared with those who had not. 71,72 Although it is tempting to conclude that PCI was responsible for the 
syndromes observed, factors such as large fraction size and concurrent chemotherapy may have been contributory. For example, in one of these studies, from the 
Mayo Clinic, which reported a crude incidence of neurotoxicity of 18%, the majority of patients were given 36 Gy using 3.6 Gy fractions. 71 The incidence of 
neurotoxicity in the other study (of the SWOG database) was 23%, which was confined to the group that had received PCI, some of whom had received concurrent 
chemotherapy.72 Combining all the studies in the review, the use of concurrent chemotherapy was associated with a 26% incidence of neurotoxicity, which was 
significantly greater than 12% (p = 0.001) in those studies in which it was known not to be given. 18

The lack of consistency in the reported frequency of neurotoxicity following PCI thus raises questions about a cause-and-effect relationship even though some of the 
differences might be explained by details of the various PCI prescriptions, some of which would now be regarded as hazardous. The issues raised by the historical 
data clearly required resolution by carefully conducted prospective studies. One of the French randomized trials 21 and the European trial51 incorporated a pre- and 
posttreatment neuropsychologic assessment into the study design. Not all patients underwent evaluation—78% in the French study and 43% in the European 
study—and so the results must be interpreted with caution. Both studies found high levels of impairment (59% and up to 41% respectively) in patients tested at 
randomization prior to receiving PCI. Retesting of survivors at two years in the French study and one year in the European study showed no significant differences in 
the cumulative incidence of neuropsychologic changes between treated and untreated groups. Furthermore, there were no significant differences in the incidence of 
cortical atrophy and ventricular dilatation on computed tomography scans of the brain between groups at randomization and two years later. 21 These reassuring 
findings in relation to the safety of PCI have now been supported by the results of recently published nonrandomized studies from the Netherlands, 73 Denmark,74 and 
France.75 Surprisingly, a large single dose of 8 Gy used as PCI in Manchester was not associated with any neurologic problems when assessment was performed at 
least 24 months after PCI, although 75% of patients were impaired on at least one of the four formal neuropsychometric tests used. 76 Indeed, when, in a collaborative 
study from the United Kingdom, the performance of the single-fraction patients was compared with that of individuals who had received a more conventional PCI 
regimen, they did better.77 While there was a high frequency of impaired performance on formal neuropsychometric testing in the UK study, the majority of patients 
were well, with 95% having a performance status of one or less. There were insufficient patients who did not receive PCI for comparative analysis; however, the study 
demonstrated that the tests used were able to detect deficits of cognitive function that would have otherwise gone unnoticed.

It seems reasonable to conclude that late neurotoxicity in patients with SCLC who have received PCI may be multifactorial, and that injudicious choice of fraction size 
or the use of concurrent chemotherapy may be contributory. However, there is little evidence from randomized studies that PCI alone, delivered up to a dose of 36 Gy 
with classical fractionation, is a cause of late neurotoxicity. Nevertheless longer follow-up of the French 21 and European51 studies will be required to confirm these 
preliminary findings. Since future studies of PCI are likely to focus on dose optimization, 78 the effects of treatment on cognitive and neurologic function will be critical 
end points. Careful pre- and posttreatment evaluation, including the use of tests capable of detecting subtle decrements in performance, 77 should continue to be part 
of the study design.

Finally, it should be remembered that neurologic complications of SCLC are common, occurring in 65% of patients in one large prospective study, 79 and that the vast 
majority of these were due to CNS metastases, which should therefore be carefully excluded before attributing the problem to treatment-related toxicity.

Quality of Life

The ideal evaluation of PCI would be a trial which takes into account not only survival but also the morbidities of treatment and cerebral relapse in both treatment 
arms. An example of this kind of evaluation is “TWiST” analysis, which measures the total time without disease-related symptoms and treatment-related toxicity.80 
None of the randomized trials of PCI has included such an analysis, but the European trial 51 did measure quality of life using the Rotterdam Symptom Checklist in a 
minority of the patients randomized. For all of the six commonest symptoms reported, deterioration was worse in the “no PCI” than in the “PCI” group, but the numbers 
were too small to draw firm conclusions.

As it seems likely that future studies of PCI will focus on fine-tuning the details of the PCI prescription, quality-of-life assessment and TWiST-type analysis will be 
essential components of trial design.

CONCLUSIONS

There is now incontrovertible evidence that PCI reduces the incidence of cerebral metastases in SCLC. There appears to be a shallow dose-response relationship for 
this effect without a detectable threshold below which some effect does not occur, especially if PCI is given early in the course of the disease. Lower doses may be 
required to achieve equivalent effects if PCI is given earlier rather than later. However, the only patients who can benefit in terms of cure are those who will achieve or 
have achieved CR, and so giving PCI early (before CR) increases the number of individuals who will be irradiated without benefit.

Although several randomized trials of PCI in patients who have achieved CR have shown that a reduction in the rate of cerebral metastasis is associated with 
improved survival, none has shown a statistically significant survival advantage. But when the data from all studies were combined in a metaanalysis, there was a 
16% reduction in mortality in favor of PCI which was significant at the level of p = 0.01. Prospective studies of cognitive function using formal neuropsychometric tests 
in two of the randomized studies has not supported anecdotal observations which suggested that PCI might be a cause of serious delayed neurotoxicity, but further 
follow-up is required to confirm these early results.

In light of all the preceding considerations, it would seem obligatory for clinicians to inform their patients of the known benefits and potential toxicities of PCI, 
particularly those individuals who have achieved CR. Then it should be a case of the question being “not who needs PCI but who wants PCI?” as in the title of a 
recent editorial.81 Those individuals who then wish to proceed with PCI should be offered a dose in the range of 30 to 36 Gy given in conventional 2 Gy fractions, but 
only at a time when chemotherapy is not being administered.

CHAPTER REFERENCES

1. Maurer LH, Tulloh M, Weiss RB, et al. A randomised combined modality trial in small cell carcinoma of the lung. Cancer 1980;45:30. 
2. Auperin A, Arriagada, R, Pignon J-P, et al. Prophylactic cranial irradiation for patients with small cell lung cancer in complete remission N Engl J Med 1999;341:476. 
3. Einhorn LH. The case against prophylactic cranial irradiation in limited small cell lung cancer. Semin Radiat Oncol 1995;5:57. 
4. Aur JA, Simone J, Hustu HO, et al. Central nervous system therapy and combination chemotherapy of childhood lymphocytic leukemia. Blood 1971;37:272. 
5. Hansen HH. Should initial treatment of small cell carcinoma include systemic chemotherapy and brain irradiation? Cancer Chemother Rep 1973;4:239. 
6. Jackson DV, Richards F, Cooper MR, et al. Prophylactic cranial irradiation in small cell carcinoma of the lung. JAMA 1977;237:2730. 
7. Beiler DD, Kane RC, Bernath AM, et al. Low dose elective brain irradiation in small cell carcinoma of the lung. Int J Radiat Oncol Biol Phys 1979;5:941. 
8. Hansen HH, Dombernowsky P, Hirsch FR, et al. Prophylactic irradiation in bronchogenic small cell anaplastic carcinoma. A comparative trial of localized versus extensive radiotherapy 

including prophylactic brain irradiation in patients receiving combination chemotherapy. Cancer 1980;46:279. 
9. Cox JD, Stanley K, Petrovich Z, et al. Cranial irradiation in cancer of the lung of all cell types. JAMA 1981;245:469. 

10. Eagan RT, Creagan ET, Frytak S, et al. A case for preplanned thoracic and prophylactic whole brain irradiation therapy in limited small-cell lung cancer. Cancer Clin Trials 1981;4:261. 
11. Aroney RS, Aisner J, Wesley MN, et al. Value of prophylactic cranial irradiation given at complete remission in small cell lung carcinoma. Cancer Treat Rep 1983;67:675. 
12. Seydel HG, Concannon J, Creech R, et al. Prophylactic versus no brain irradiation in regional small cell lung carcinoma. Am J Clin Oncol 1985;8:218. 
13. Niiranen A, Holsti P, Salmo M. Treatment of small cell lung cancer. Two-drug versus four-drug chemotherapy and loco-regional irradiation with or without prophylactic cranial irradiation. Acta 

Oncologica 1989;28:501. 
14. Ohonoshi T, Ueoka H, Kawahara S, et al. Comparative study of prophylactic cranial irradiation in patients with small cell lung cancer achieving a complete response: a long-term follow-up 

result. Lung Cancer 1993;10:47. 
15. Bunn PA, Nugent JL, Matthews MJ. Central nervous system metastases in small cell bronchogenic carcinoma. Semin Oncol 1978;5:314. 
16. Sculier JP, Feld R, Evans WK, et al. Neurologic disorders in patients with small cell lung cancer. Cancer 1987;60:2275. 
17. Rosen ST, Makuch RW, Lichter AS, et al. Role of prophylactic cranial irradiation in prevention of central nervous system metastases in small cell lung cancer. Am J Med 1983;74:615. 
18. Ball DL, Matthews JP. Prophylactic cranial irradiation: more questions than answers. Semin Radiat Oncol 1995;5:61. 
19. Nugent JL, Bunn PA, Matthews MJ, et al. CNS Metastases in small cell bronchogenic carcinoma. Increasing frequency and changing pattern with lengthening survival. Cancer 1979;44:1885. 
20. Komaki R, Cox JD, Whitson W. Risk of brain metastasis from small cell carcinoma of the lung related to length of survival and prophylactic irradiation. Cancer Treat Rep 1981;65:811. 
21. Arriagada R, Le Chevalier T, Borie F, et al. Prophylactic cranial irradiation for patients with small-cell lung cancer in complete remission. J Natl Cancer Inst 1995;87:183. 
22. Kristensen CA, Kristjansen PEG, Hansen HH. Systemic chemotherapy of brain metastases from small-cell lung cancer: a review. J Clin Oncol 1992;10:1498. 
23. Twelves CJ, Souhami RL, Harper PG, et al. The response of cerebral metastases in small cell lung cancer to systemic chemotherapy. Br J Cancer 1990;61:147. 
24. Kristjansen PEG, Sorensen PS, Hansen MS, et al. Prospective evaluation of the effect on initial brain metastases from small cell lung cancer of platinum-etoposide based induction 

chemotherapy followed by an alternating multidrug regimen. Ann Oncol 1993;4:579. 
25. de la Monte SM, Hutchins GM, Moore GW. Altered metastatic behavior of small cell carcinoma of the lung after chemotherapy and radiation. Cancer 1988;61:2176. 
26. Murray N, Coy P, Pater JL, et al. Importance of timing for thoracic irradiation in the combined modality treatment of limited-stage small-cell cancer. J Clin Oncol 1993;11:334. 



27. Work E, Nielsen OS, Bentzen SM, et al., for the Aarhus Lung Cancer Group. Randomised study of initial versus chest irradiation combined with chemotherapy in limited-stage small-cell lung 
cancer. J Clin Oncol 1997;15:3030. 

28. Jeremic B, Shibamoto Y, Acimovic L, et al. Initial versus delayed accelerated hyperfractionated radiation therapy and concurrent chemotherapy in limited small-cell lung cancer: a randomised 
study. J Clin Oncol 1997;15:893. 

29. Hoskin PJ, Yarnold JR, Smith IE, et al. CNS relapse despite prophylactic cranial irradiation (PCI) in small cell lung cancer (SCLC). Int J Radiat Oncol Biol Phys 1986;12:2025. 
30. Elliot JA, Osterlind K, Hirsch FR, et al. Metastatic patterns in small-cell lung cancer: correlation of autopsy findings with clinical parameters in 537 patients. J Clin Oncol 1987;5:246. 
31. Ellis R, Gregor A. The treatment of brain metastases from lung cancer. Lung Cancer 1998;20:81. 
32. Nieder C, Berberich W, Schnabel K. Tumor-related prognostic factors for remission of brain metastases after radiotherapy. Int J Radiat Oncol Biol Phys 1997;39:25. 
33. Postmus PE, Haaxma-Reiche H, Gregor A, et al. Brain-only metastases of small cell lung cancer; efficacy of whole brain radiotherapy. An EORTC phase II study. Radiother Oncol 1998;46:29. 
34. Hirsch FR, Paulson OB, Hansen HH, et al. Intracranial metastases in small cell carcinoma of the lung. Prognostic aspects. Cancer 1983;51:529. 
35. Lucas CF, Robinson B, Hoskin PJ, et al. Morbidity of cranial relapse in small cell lung cancer and the impact of radiation therapy. Cancer Treat Rep 1986;70:565. 
36. Giannone L, Johnson DH, Hande KR, et al. Favourable prognosis of brain metastases in small cell lung cancer. Ann Intern Med 1987;106:386. 
37. Mira JG, Chen TT, Livingston RB, et al. Outcome of prophylactic and therapeutic cranial irradiation in disseminated small cell lung carcinoma: a Southwest Oncology Group study. Int J Radiat 

Oncol Biol Phys 1988;14:861. 
38. Carmichael J, Crane JM, Bunn PA, et al. Results of therapeutic cranial irradiation in small cell lung cancer. Int J Radiat Oncol Biol Phys 1988;14:455. 
39. Ichinose Y, Hara N, Ohta M, et al. Brain metastases in patients with limited small cell lung cancer achieving complete remission. Correlation with TNM staging. Chest 1989;96:1332. 
40. Kochhar R, Frytak S, Shaw E. Survival of patients with extensive small-cell lung cancer who have only brain metastases at initial diagnosis. Am J Clin Oncol 1997;20:125. 
41. Ryan GF, Ball DL, Smith JG. Treatment of brain metastases from primary lung cancer. Int J Radiat Oncol Biol Phys 1995;31:273. 
42. Bach F, Sorensen JB, Adrian L, et al. Brain relapses in chemotherapy-treated small cell lung cancer: a retrospective review of two time-dose regimens of therapeutic brain irradiation. Lung 

Cancer 1996;15:171. 
43. Hardy J, Smith I, Cherryman G, et al. The value of computed tomographic (CT) scan surveillance in the detection and management of brain metastases in patients with small cell lung cancer. 

Br J Cancer 1990;62:684. 
44. Kristjansen PE, Kristensen CA. The role of prophylactic cranial irradiation in the management of small cell lung cancer. Cancer Treat Rev 1993;19:3. 
45. Felletti R, Souhami RL, Spiro SG, et al. Social consequences of brain or liver relapse in small cell carcinoma of the bronchus. Radiother Oncol 1985;4:335. 
46. Nussbaum E, Djalilian HR, Cho KH, et al. Brain metastases. Histology, multiplicity, surgery and survival. Cancer 1996;78:1781. 
47. Priestman TJ, Dunn J, Brada M, et al. Final results of the Royal College of Radiologists' trial comparing two different radiotherapy schedules in the treatment of cerebral metastases. Clin Oncol 

1996;8:308. 
48. Liengswangwong V, Bonner JA, Shaw EG, et al. Prophylactic cranial irradiation in limited-stage small cell lung cancer. Cancer 1995;75:1302. 
49. Shaw EG, Su JQ, Eagan RT, et al. Prophylactic cranial irradiation in complete responders with small-cell lung cancer: Analysis of the Mayo Clinic and North Central Cancer Treatment Group 

data base. J Clin Oncol 1994;12:2327. 
50. Laplanche A, Monnet I, Santos-Miranda JA, et al. Controlled clinical trial of prophylactic cranial irradiation for patients with small cell lung cancer in complete remission. Lung Cancer 

1998;21:193. 
51. Gregor A, Cull A, Stephens RJ, et al. Prophylactic cranial irradiation is indicated following complete response to induction therapy in small cell lung cancer: results of a multicentre randomised 

trial. Euro J Cancer 1997;33:1752. 
52. Withers HR, Peters LJ, Taylor JMG. Dose-response relationship for radiation therapy of subclinical disease. Int J Radiat Oncol Biol Phys 1995;31:353. 
53. Suwinski R, Lee SP, Withers HR. Dose-response relationship for prophylactic cranial irradiation in small cell lung cancer. Int J Radiat Oncol Biol Phys 1998;40:797. 
54. Herskovic AM, Orton CG. Elective brain irradiation for small cell anaplastic lung cancer. Int J Radiat Oncol Biol Phys 1986;12:427. 
55. Turrisi A, Kim K, Blum R, et al. Twice-daily compared with once-daily thoracic radiotherapy in limited small cell lung cancer treated concurrently with cisplatin and etoposide. N Engl J Med 

1999;340:265. 
56. Wagner J, Kin K, Turrisi A, et al. A randomised Phase III study of prophylactic cranial irradiation vs. observation in patient with small cell lung cancer achieving a complete response: final report 

of an incomplete trial by the Eastern cooperative Oncology Group and Radiation Therapy Oncology Group (E3589/R92–01) [Abstract]. Proc ASCO 1996;15:376. 
57. Le Chevalier T, Arriagada R, Dewar J, et al. Prophylactic cranial irradiation in small cell lung cancer, [Letter]. Lancet 1985;1:692. 
58. Turrisi AT. Brian irradiation and systemic chemotherapy for small-cell lung cancer: dangerous liaisons? J Clin Oncol 1990;8:196. 
59. Ihde D, Souhami B, Comis R, et al. Consensus report: Small cell lung cancer. Lung Cancer 1997;17[Suppl 1]:S19. 
60. Gutin PH, Leibel SA, Shelise GE, eds. Radiation injury to the central nervous system. New York: Raven Press, 1991. 
61. Mornex F, Nayel H, Taillandier L. Radiation therapy for malignant astrocytomas in adults. Radiother Oncol 1993;27:181. 
62. Van Oosterhout AG, Boon PJ, Houx PJ, et al. Follow-up of cognitive functioning in patients with small cell lung cancer. Int J Radiat Oncol Biol Phys 1995;31:911. 
63. Komaki R, Meyers CA, Shin DM, et al. Evaluation of cognitive function in patients with limited small cell lung cancer prior to and shortly following prophylactic cranial irradiation. Int J Radiat 

Oncol Biol Phys 1995;33:179. 
64. Meyers CA, Byrne KS, Komaki R. Cognitive deficits in patients with small cell lung cancer before and after chemotherapy. Lung Cancer 1995;12:231. 
65. van Dam FSAM, Schagen SB, Muller MJ, et al. Impairment of cognitive function in women receiving adjuvant treatment for high-risk breast cancer: high-dose versus standard-dose 

chemotherapy. J Natl Cancer Inst 1998;90:210. 
66. Johnson RE, Brereton HD, Kent CH. Small-cell carcinoma of the lung: attempt to remedy causes of past therapeutic failure. Lancet 1976;2:289. 
67. Johnson RE, Brereton HD, Kent CH. “Total” therapy for small cell carcinoma of the lung. Ann Thorac Surg 1978;25:510. 
68. Catane R, Schwade JG, Yarr I, et al. Follow-up neurological evaluation in patients with small cell lung carcinoma treated with prophylactic cranial irradiation and chemotherapy. Int J Radiat 

Oncol Biol Phys 1981;7:105. 
69. Lishner M, Fled R, Payne DG, et al. Late neurological complications after prophylactic cranial irradiation in patients with small-cell lung cancer: the Toronto experience. J Clin Oncol 1990;8:215. 
70. Johnson BE, Becker B, Goff WB, et al. Neurologic, neuropsychologic and computed cranial tomography scan abnormalities in 2- to 10-year survivors of small-cell lung cancer. J Clin Oncol 

1985;3:1659. 
71. Frytak S, Shaw JN, O'Neill BP, et al. Leukoencephalopathy in small cell lung cancer patients receiving prophylactic cranial irradiation. Am J Clin Oncol 1989;12:27. 
72. Albain KS, Crowley JJ, Livingston RB. Long-term survival and toxicity in small cell lung cancer. Expanded Southwest Oncology Group Experience. Chest 1991;99:1425. 
73. Van Oosterhout AGM, Ganzevles PGL, Wilmink JT, et al. Sequelae in long-term survivors of small cell lung cancer. Int J Radiat Oncol Biol Phys 1996;34:1037. 
74. Work E, Bentzen SM, Nielson OS, et al. Prophylactic cranial irradiation in limited stage small cell lung cancer: survival benefit in patients with favourable characteristics. Euro J Cancer 

1996;32:772. 
75. Jacoulet P, Depierre A, Moro D, et al. Long-term survivors of small-cell lung cancer (SCLC): A French multicenter study. Ann Oncol 1997;8:1009. 
76. Brewster AE, Hopwood P, Stout R, et al. Single fraction prophylactic cranial irradiation for small cell carcinoma of the lung. Radiother Oncol 1995;34:132. 
77. Cull A, Gregor A, Hopwood P, et al. Neurological and cognitive impairment in long-term survivors of small cell lung cancer. Eur J Cancer 1994;30A:1067. 
78. Gregor A. Prophylactic cranial irradiation in small cell lung cancer (SCLC) makes a comeback. Clin Oncol 1997;9:148. 
79. van Oosterhout AGM, van de Pol M, ten Velde GP, et al. Neurologic disorders in 203 consecutive patients with small cell lung cancer. Results of a longitudinal study. Cancer 1996;77:1434. 
80. Glasziou PP, Simes RJ, Gelber RD. Quality adjusted survival analysis. Stat Med 1990;9:1259. 
81. Le Chevalier T, Arriagada R. Small cell lung cancer and prophylactic cranial irradiation (PCI): perhaps the question is not who needs PCI but who wants PCI? Eur J Cancer 1997;33:1717.



57 PALLIATIVE CHEMOTHERAPY

Lung Cancer: Principles and Practice

 57  

PALLIATIVE CHEMOTHERAPY
MARK R. MIDDLETON
NICHOLAS THATCHER
PENELOPE HOPWOOD

Assessing the Outcome of Palliative Chemotherapy
 Response Rate and Survival

 Toxicity and Disease-Related Symptoms

 Quality of Life

 Economic Analysis

Palliation of Advanced Non–Small Cell Lung Cancer with Chemotherapy
 Patient Selection

 Effect on Survival

 Effect on Symptoms and Quality of Life

 Combination Therapy

 Attitudes to Chemotherapy

Palliation of Small Cell Lung Cancer with Chemotherapy
 Patient Selection

 Single-Agent versus Combination Chemotherapy

 Dose Intensity in Extensive SCLC

 Duration of Treatment

 Treatment of Poor-Prognosis, Poor-Performance-Status Patients

 Salvage Chemotherapy

New Drugs in the Palliation of Lung Cancer
Conclusion
Chapter References

The majority of patients with small cell lung cancer (SCLC) or advanced non-small cell lung cancer (NSCLC) will die of their disease. In the United States around 
178,000 patients are diagnosed with lung cancer annually, and of these the disease kills 160,000. 1 Thus most treatment is delivered with palliation rather than cure in 
mind. In NSCLC this has been used as an argument against the use of chemotherapy, which is perceived as providing little survival benefit at the expense of 
unacceptable toxicity. However, modern chemotherapy has an important role to play in improving quality of life, besides offering modest but important improvements 
in survival. The recognition of this has required a shift away from solely traditional measures of efficacy in evaluating new drugs. Many studies now incorporate 
assessments of symptom relief and quality of life, as well as the usual endpoints of response, toxicity, and survival.

In SCLC the benefits of chemotherapy are more clear-cut. Improvements in median survival, even in extensive-stage disease between eight and ten months against 
an anticipated six to eight weeks untreated, have made chemotherapy the accepted standard for this group of patients. The lung cancer population is largely elderly 
and often frail as a result of other illnesses. There is therefore a need to improve upon existing treatments, in particular increasing their tolerability so that more 
patients can benefit from them.

Choosing the optimal palliative therapy is complex. A balance must be struck between the benefits and risks of treatment that is not skewed in favor of the former, as it 
often is where cure is unrealistically attempted. Patients who often have considerable symptoms from their disease as well as intercurrent illnesses cannot be 
expected to tolerate the side effects inherent in more aggressive approaches. This is not to promote the selection of the most suitable regimen on subjective criteria. 
Rather, there is as great a need for objective measures in selecting patients for palliative treatments as there is in the curative scenario.

There are also several new agents available to improve the treatment of lung cancer patients, but further progress will depend upon changes in the nihilistic attitude of 
nononcology physicians and funding organizations towards chemotherapy. The acceptance of enhanced quality of life as a sufficient criterion for licensing a drug and 
the continued evaluation and promotion of the cost-effectiveness of the approach are also important.

ASSESSING THE OUTCOME OF PALLIATIVE CHEMOTHERAPY

Response Rate and Survival

These have traditionally been the criteria by which the efficacy of new treatments has been assessed. Although they continue to play a role in the evaluation of 
palliative therapies, they can no longer be considered in isolation, for palliation of symptoms can occur in the absence of a conventionally defined response to 
treatment. Objective response to chemotherapy in NSCLC, as measured by WHO criteria, occurs in only 30% to 40% of patients, and survival benefits are modest. 2 
However, there are now several studies showing that, with this objective response rate, up to 70% of patients report relief of symptoms with modern chemotherapy. 3,4 

and 5

Toxicity and Disease-Related Symptoms

The assessment of treatment-related toxicity has been codified so that side effects are recorded systematically and different therapies can be compared from trial to 
trial. Although a powerful tool, the Common Toxicity Criteria scheme ignores the impact of a particular side effect or symptom upon the individual; neither does it 
measure the combined effect of symptoms. Thus the traditional means of evaluating chemotherapy use end points that bear little relation to patients' experience of 
treatment. This is not to decry the use of these measures in the evaluation of new therapies, but there is a need to take into account their impact on the patient as 
well.

Quality of Life

The criteria that define tumor response are straightforward, as are those related to treatment toxicity, and the concepts of time to progression and overall survival are 
readily understood. Health-related quality of life is a more abstract entity that is much harder to define. It comprises several elements, including physical, 
psychological, social, emotional, and economic well-being. There are now several instruments that allow systematic collection of quality of life data so that 
disease-related symptoms, the side effects of treatment and their significance to the patient can be evaluated.

Although observers can readily assess some aspects of quality of life, such as physical functioning and some symptoms, there is evidence to suggest that health 
professionals' and other carers' interpretation of quality of life differs from that of the patient. 6,7 Since the data collected are largely subjective, it would seem best that 
the patients provide the information themselves. Initially studies used simple diaries to gather data. This proved very effective, for example, highlighting the 
(previously unsuspected) differences of dysphagia between radiotherapy regimens providing similar palliation in NSCLC. 8 However, this method is time-consuming to 
interpret and difficult to generalize between treatments because it does not provide systematic data. The usual method of evaluating quality of life now is by 
multidimensional self-report questionnaire. Depending on the design used, patients either select one of a limited number of answers to questions on their health or 
indicate the severity of a symptom on a visual analog scale. Several such instruments are available ( Table 57.1) many of which have been validated against other 
indices of quality of life such as performance status, weight loss, and toxicity of treatment. This approach is acceptable to patients; indeed, many react positively to the 
chance to become involved in the assessment of their treatment.



TABLE 57.1. SELECTED EXAMPLES OF QUALITY-OF-LIFE INSTRUMENTS

The European Organisation for the Research and Treatment of Cancer (EORTC) QLQ-C30 is a well-developed example of such a questionnaire. 9 This examines 
quality of life across five functional scales (physical, role, cognitive, emotional, and social), three symptom scales (nausea and vomiting, fatigue, and pain), and a 
global scale. There are also several other measures, and these core questions are supplemented by disease-specific modules (in the case of lung cancer, designated 
LC13).10 This instrument represents only one of a number of valid scales, but the QLQ-C30 has the advantage that it has been tested successfully across several 
languages and cultures.11

There are several problems with quality-of-life assessments, not least the abysmal rate at which they have been incorporated into clinical trials. A review of four 
oncology journals in the period 1980 to 1995 found only 13 studies out of 871 incorporating quality-of-life assessments—and only four of the 13 were considered 
adequate in terms of the quality-of-life data gathered. 12 Data collection is often patchy, particularly in the palliative setting, because of limited compliance, patient 
attrition, and inadequate infrastructure to support studies. 13 Acute toxicities may be missed because assessments are usually made prior to each cycle of treatment, 
when the toxicity of the last cycle is up to three weeks past. Few trials gather data once interventions have ceased, so there is even less information about the 
duration of changes in quality of life. Finally, the profusion of instruments for assessing quality of life (over 50 have been used in lung cancer studies published to 
date) makes it difficult to draw comparisons between studies, and this is further hindered by a lack of agreed criteria for reporting results. 9 Nevertheless, quality-of-life 
research is critical in the evaluation of the impact of new treatments, particularly in the palliative setting where a limited improvement in survival may not be the 
patient's sole consideration.14,15

Economic Analysis

Part of the resistance to the use of palliative chemotherapy in lung cancer stems from the perception that it is expensive and, by implication, not cost-effective. 
However, the costs of chemotherapy are small in comparison with those of making the diagnosis and of terminal care. Chemotherapy accounted for less than 10% of 
the costs of care over one year in the Canadian model of lung cancer management. 16 There is also trial evidence that chemotherapy results in fewer days in hospital 
or hospice and less need for radiotherapy, saving costs even in NSCLC. 17,18 The need to demonstrate that palliative chemotherapy is worth it to funding bodies will 
persist, particularly where newer, more expensive, agents with perhaps less toxicity replace established drugs.

PALLIATION OF ADVANCED NON–SMALL CELL LUNG CANCER WITH CHEMOTHERAPY

Patient Selection

Multivariate analyses have identified a number of independent factors that predict the outcome of treatment. The presence of extrathoracic disease, some locations of 
metastases (e.g., brain), and weight loss are associated with a poor prognosis. However, neither age nor histological subtype has been shown consistently to affect 
outcome.19,20,21,22 and 23 Patients suitable for palliative chemotherapy are those with stage IIIB or IV disease and fair performance status (ECOG 0 and 1, and possibly 
2). Clearly, some patients with localized disease are not fit for surgery and so will be candidates for radical radiotherapy with or without chemotherapy. Patients with 
even moderately impaired performance status fare less well with chemotherapy: survival is reduced and the toxicity of treatment increased compared with unimpaired 
patients.24 Thus chemotherapy should be offered only to patients in relatively good condition. This may change as new drugs with proven activity and fewer side 
effects, such as gemcitabine, become available.

Effect on Survival

The first studies, in the 1960s and 1970s, showed no benefit from chemotherapy and, as a result, radiotherapy became the standard treatment for palliating NSCLC. 
However, these trials used drugs that are now considered inactive. 25,26 More modern regimens have since been tested against best supportive care, with better results 
(Table 57.2). Supportive care was not consistently defined but was usually taken to mean any palliative therapy offered to the patient, excluding cytotoxic 
chemotherapy but including radiotherapy and noncytotoxic medication. The trials are difficult to interpret, as the case mix of patients was very variable, with survival 
times varying between 4.2 and 8.7 months in the supportive-care arms. The duration of chemotherapy also varied considerably, as did the criteria for the 
discontinuation of treatment. However, large metaanalyses have confirmed that platinum-based combination chemotherapy reduces mortality in advanced NSCLC, 
with an improvement in survival of around two to three months and an absolute increase of 10% (from 16% to 26%) in the proportion of patients surviving one 
year.27,28

TABLE 57.2. CHEMOTHERAPY VERSUS BEST SUPPORTIVE CARE IN LOCALLY ADVANCED OR METASTATIC NSCLC IN OVER 100 PATIENTS

Effect on Symptoms and Quality of Life

Although there have been few trials that measured patient-generated quality of life on chemotherapy and none as yet published with it as the primary end point, there 
is evidence that most patients either improve or preserve their performance status during treatment. In one report on the MIC (mitomycin C, ifosfamide, cisplatin) 
regimen, only 9% of patients experienced deterioration in quality of life on treatment, and 30% improved. 4 Similar results have been observed for other 
platinum-based regimens and with single-agent therapy. 39,40 and 41 It is also well documented that improvements in symptoms are not confined to patients with an 
objective response.3,41,42 and 43 Symptoms relief with chemotherapy is comparable with that achieved by radiotherapy ( Table 57.3) and decreases the need for palliative 
irradiation by around one third. 16,18 Trials are now being performed that examine symptom relief over time, improving on the data that are currently available. 18



TABLE 57.3. SYMPTOMATIC RELIEF IN ADVANCED NSCLC: STUDIES OF OVER 100 PATIENTS

Combination Therapy

Although there are studies showing significant differences in survival in favor of combination treatment, there is as yet no consistent trial evidence that this is superior 
to single-agent therapy, other than with vinorelbine. 44 Despite this, most investigators use combination regimens as controls in randomized trials: usually MIC or MVP 
(mitomycin C, vinblastine/vindesine, cisplatin) in the U.K. and platinum with paclitaxel or vinorelbine in the United States and mainland Europe. Attempts to improve 
outcome with dose intensification have yielded enhanced response rates but no clear survival advantage. Alternating combinations of chemotherapy have shown no 
advantage over their sequential administration—with a single exception. 22 Nor has any benefit been shown with increased treatment duration. Indeed, three cycles of 
the MVP regimen produce the same symptom relief and survival as six, but with considerably less toxicity. 45

Attitudes to Chemotherapy

There remains a belief among physicians and other health professionals that chemotherapy inevitably causes deterioration in quality of life and performance status. 
Early trials in NSCLC did not show the improvements in survival seen with SCLC. Indeed, the earliest regimens, based upon alkylating agents rather than cisplatin, 
appeared detrimental.25,26,38 Physicians' attitudes to chemotherapy for NSCLC were therefore profoundly negative, and have tended to remain so. 46 Subsequent 
combination chemotherapies have yielded some improvements in survival, as well as symptom relief as described above. Unfortunately, attitudes have not changed 
despite the now-abundant evidence that chemotherapy is superior to supportive care: in 1995, 79% of Canadian oncologists felt that there was no specific treatment 
for advanced NSCLC, a figure little changed from 1986. 47 Furthermore, this study showed that there was a tendency for physicians to overestimate the value of 
radiotherapy, the main plank of supportive care, and undervalue the potential contribution of chemotherapy. Patients, on the other hand, are prepared to tolerate toxic 
treatments for even short extensions in survival times, for symptom relief, or for an improvement in quality of life. 14,15,48

Thus trials comparing chemotherapy with best supportive care have been, and continue to be, essential in promoting the case for palliation of advanced NSCLC with 
chemotherapy, particularly with reference to poorer-performance-status patients. In the fitter patient, where the benefits of chemotherapy are more clearly defined, 
research concentrates on the incorporation of new agents into combination regimens to improve outcomes. In either scenario it is vital that future studies assess the 
quality of life of patients during and after treatment in order to understand and decide upon the best possible palliation.

PALLIATION OF SMALL CELL LUNG CANCER WITH CHEMOTHERAPY

SCLC is exquisitely sensitive to chemotherapy, and this is the treatment modality of choice both for palliative or curative therapy, although radiotherapy too has an 
important role. Three quarters of patients respond to treatment, but relapse usually occurs within a few months, so that fewer than 10% of patients overall are alive 
two years after diagnosis.49,50 Thus chemotherapy for SCLC is largely palliative. Chemotherapy is also effective in improving localized complications such as superior 
vena cava obstruction and pleural effusion. 50

Patient Selection

As with NSCLC, the stage of disease and patient performance status are important predictors of prognosis and treatment outcome. 51 However, in SCLC the precise 
tumor stage is less important than the distinction between extensive and limited-stage disease. Limited-stage disease is defined as tumor confined to one hemithorax, 
including the mediastinum and/or supraclavicular nodes bilaterally, that is, contained within a single radiation field. This remains a useful distinction, despite evidence 
that SCLC disseminates early and that systemic metastases are often present in cases where screening for these is negative. 52 There are also several independent 
biochemical prognostic factors that predict prognosis, including lactate dehydrogenase, alkaline phosphatase, sodium, and bicarbonate. 53,54 These biochemical 
parameters, the disease stage, and patient performance status have been incorporated in scoring systems in selecting candidates for different therapeutic 
approaches (Table 57.4).54,55 Again, age is not a predictive factor56 but, as in NSCLC, the patient population is often frail: a consequence both of the aggressive 
nature of SCLC and the frequency of comorbid nonmalignant disease. Thus similar problems of balancing potentially toxic treatments against symptom palliation in a 
relatively unfit population persist. In general, prognostic factors are taken into account in determining whether treatment will be aimed at long-term survival, at cure, or 
at palliation, and the patient's performance status will then guide the chemotherapy regimen to be used.

TABLE 57.4. SMALL CELL LUNG CANCER: EXAMPLES OF PROGNOSTIC SCORING SYSTEMS

Single-Agent versus Combination Chemotherapy

Combination chemotherapy has proved superior to single-agent treatment in most trials addressing this question. 57,58 Response rates, particularly complete response 
rates, are higher and median survival is longer. Combinations of the drugs that have shown single-agent activity are used. 59,60,61 and 62 Vincristine excepted, their 
dose-limiting toxicity is myelosuppression, and therefore combinations of up to four agents have been used ( Table 57.5). The success in extending median overall 
survival with these regimens has meant that, until now, this and response rate have been the criteria in assessing efficacy. Although toxicity has also been well 
documented with these regimens, there are few studies reporting quality-of-life outcomes with combination treatments.



TABLE 57.5. STANDARD COMBINATION CHEMOTHERAPIES IN EXTENSVE SMALL CELL LUNG CANCER

If combination chemotherapy is used, there remains the question of how many drugs are needed to give the best palliation. Most trials that have sought to compare 
four-drug regimens with three- or two-drug treatment have not addressed palliation specifically, although there are three that have. In a 310-patient randomized trial, 
the Medical Research Council (MRC) Lung Cancer Working Party compared ECMV (etoposide, cyclophosphamide, methotrexate, vincristine) with EV (etoposide, 
vincristine) in poor-prognosis SCLC. 63 No differences were seen in median survival (141 versus 137 days) or one-year survival (12% versus 10%), but toxicity was 
greater with the four-drug treatment, the main differences being in the rates of mucositis and of myelosuppression. Despite this, ECMV provided better symptom 
palliation and better relief of psychological distress, although patients reported more lethargy. The same group also compared ECMV with EI (Ifosfamide, etoposide) 
over six cycles, as part of a study that also assessed the effect of three cycles of ECMV. 64 Quality of life was measured by daily diary card and physician report. 
Survival and symptom palliation were similar in all the arms, but patients on EI reported less dysphagia and better overall condition between cycles of treatment. The 
third study, conducted in Switzerland, sought to compare weekly carboplatin/teniposide with standard chemotherapy (cyclophosphamide, doxorubicin, vincristine 
[CAV] alternating with cyclophosphamide, lomustine, methotrexate, and vincristine). This closed early when inferior survival in the less-intensive two-drug arm became 
apparent.65 For now, too few data exist to indicate a preferred combination treatment for the palliation of SCLC. CAV and PE (cisplatin, etoposide) are the most widely 
used and are often included as control treatments in randomized trials.

Since response to treatment relates to dose intensity, it would seem worthwhile to investigate means of attenuating the toxicity of combination treatments while 
maintaining the latter. In a London study of largely poor-performance-status patients, low-dose/high-frequency ACE (doxorubicin, cyclophosphamide, etoposide) was 
shown to be as effective as the standard three-weekly schedule in terms of response rate and overall and one-year survival. 60 Although toxicity was unaffected by 
schedule, quality of life (measured by daily diary card) was better in the low-dose/high-frequency arm. This demonstrates once again the added value of quality-of-life 
measures in evaluating palliative therapies, for the conventional outcome measures suggested that the schedules were equivalent.

Dose Intensity in Extensive SCLC

Preclinical models show a clear relationship between cure rate and dose intensity in SCLC. 66 Early clinical trials failed to establish this in clinical practice, but 
although dose intensification was intended, actual dose delivery often differed little between study arms. 67,68 Evidence is now emerging that growth-factor-supported 
dose intensification can have a significant impact upon survival, 69,70 but this approach to treatment demands a fit patient, usually with limited disease. Indeed, in 
extensive-stage disease, investigators have been thwarted by their inability to intensify dose owing to excessive toxicity. 71 Where intensification has been achieved in 
extensive-stage patients, this has had no impact upon survival, as shown in two recent trials comparing CODE (cisplatin, vincristine, doxorubicin, and etoposide) with 
alternating CAV and PE.72,73 On the other hand, patients with extensive disease but good performance status benefited from dose intensification of the V-ICE regimen 
(vincristine, ifosfamide, carboplatin, etoposide). 74 Thus intensified therapy cannot be justified where cure is not sought.

Another approach has been to use alternating non-cross-resistant chemotherapies to enhance response rate, according to the Goldie-Coldman hypothesis. 75 Trials of 
PE alternating with CAV compared with one and/or other regimen alone have suggested a survival benefit for alternating treatment. 76,77 However, in the Japanese 
study this was confined to patients with limited-stage disease, and it failed to achieve significance in the Canadian trial of patients with extensive SCLC when those 
with locoregional disease were taken into account. A large United States study in extensive-stage patients found no difference in response rate or survival between 
six cycles of CAV, four cycles of PE, or three cycles of CAV alternating with three of PE. 59 Similarly, a German study of alternating CAV and IE (ifosfamide, etoposide) 
versus sequential IE then CAV found no difference in survival. 78 At present, alternating chemotherapy has no clear role in SCLC.

Duration of Treatment

There have been several studies examining the optimum number of chemotherapy cycles in SCLC, but all have used survival rather than symptom palliation or quality 
of life as their yardstick. A study by Cullen and others 79 showed a survival advantage for extensive-stage patients who responded to six cycles of CAV chemotherapy 
if they went on to receive a further eight treatments (372 versus 259 days; p = 0.006). However, this is the only randomized trial in which prolonged chemotherapy has 
shown an advantage in the palliative setting. Several other studies involving extensive-stage SCLC have shown no advantage either to more cycles of chemotherapy 
at induction64,80,81,82 and 83 or to maintenance chemotherapy for responding patients. 84,85,86 and 87 Prolonged chemotherapy is associated with increased toxicity, therefore 
the weight of evidence favors a short induction treatment (of four to six cycles) with further therapy held back for the treatment of symptomatic disease at relapse (see 
below).

Treatment of Poor-Prognosis, Poor-Performance-Status Patients

Although intravenous combination chemotherapy is accepted as the optimal approach in SCLC, the assumption that its use inevitably causes quality of life and 
performance status to deteriorate has led to some reluctance to use it on frail patients. The convenience, tolerability, and activity of single-agent oral etoposide have 
made this the preferred treatment for the purely palliative setting. Etoposide is schedule-dependent, with an overall response rate of 50% to 70%, depending on the 
regimen used and the population treated, and median survival is extended to nine or 10 months. 88,89 and 90 There are now three randomized trials comparing 
single-agent etoposide with intravenous combination chemotherapy, two of which examined symptom palliation or quality of life as well as conventional end points 
(Table 57.6). The Medical Research Council study was ended early as a result of interim analysis by an independent data-monitoring board. The study recruited 
patients with poor performance status. Symptom palliation, the primary end point, favored combination treatment (50% versus 39%), as did response rate and median 
survival.91,92 Similar results were obtained in the London group's study of patients with extensive-stage SCLC and a poor prognosis or age of over 75 years. Quality of 
life was assessed using the Rotterdam Symptom Checklist and diary cards, and was shown to favor the combination regimen—with the exception of nausea and 
vomiting.93 A smaller Danish study confirmed these findings in patients with extensive disease under the age of 71. 94 Together these studies show that combination 
chemotherapy is the treatment of choice, even for the less fit SCLC patient.



TABLE 57.6. SINGLE-AGENT ETOPOSSIDE VERSUS COMBINATION CHEMOTHERAPY FOR POOR-PROGNOSIS SMALL CELL LUNG CANCER

Salvage Chemotherapy

Patients who respond to induction chemotherapy generally relapse within a few months of completing treatment. There is evidence that chemotherapy can offer useful 
palliation in these circumstances, and this includes (unusually for SCLC) information on symptom relief and quality of life. Radiotherapy offers useful palliation, better 
than that achievable with chemotherapy in an early 1980s study, 95 but the increasing use of combined-modality first-line treatments means that this is not always an 
option. Response to second-line chemotherapy is better the longer the progression-free interval after induction therapy. 96 Normal blood parameters (specifically 
hemoglobin and lactate dehydrogenase) and good performance status are also associated with better response. 97

PE can salvage patients treated with CAV chemotherapy—around half will respond. 98 Indeed, this finding is the basis for the alternating chemotherapy approach 
discussed above. However, with platinum-based regimens taking over from CAV as first-line treatment for limited-stage SCLC, the latter is coming into common use 
as a salvage therapy—to the extent that it provides the control arm in trials of treatments for relapsed SCLC. 99 The results with CAV are not particularly promising: 
around 20% of patients have an objective response, although more achieve symptom relief. Thus many of the newer agents discussed below are being tested as 
single-agent second-line treatment, and have shown activity in this setting. Topotecan, for example, has recently been shown to have similar efficacy, both in terms of 
symptom control and survival, and tolerability to CAV in the treatment of recurrent SCLC. 99 The taxanes, vinorelbine and irinotecan, have also been studied ( Table 
56.7).

TABLE 57.7. ACTIVITY OF NEW AGENTS IN LUNG CANCER

NEW DRUGS IN THE PALLIATION OF LUNG CANCER

There is a pressing need for new drugs to treat lung cancer, and there are six major new agents under evaluation: paclitaxel, docetaxel, topotecan, irinotecan, 
gemcitabine, and navelbine (Table 57.7). Their activity in NSCLC and extensive or relapsed SCLC has been tested in phase II studies as single agents, and they are 
now being incorporated into combination regimens and subject to phase II trials. The aim of the latter is to improve cure rates, but even so, the majority of patients 
with lung cancer will continue to die of the disease for the foreseeable future. It is therefore imperative that studies include assessments of quality of life and that 
palliation is adequately evaluated in order to select the best of the new regimens.

CONCLUSION

Chemotherapy is accepted as standard treatment for patients with SCLC who are fit enough to receive it. Patients with limited-stage disease are likely to be treated 
with multimodality regimens aimed at cure, but those with poor prognostic features and/or extensive-stage disease can gain substantial benefits, in terms of both 
symptom relief and longer survival, from less-intensive treatments. In NSCLC there is now ample evidence that, in selected patients, chemotherapy offers better 
quality of life and symptom control than supportive care, with some improvement in survival. The incorporation of new agents into current treatment schedules is likely 
to improve on results to date. However, their utility in palliating lung cancer can be properly evaluated only if data regarding the impact of treatment on the patient is 
captured along with traditional outcome measures.
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One of the first and most fundamental principles we are taught when learning the art of radiation medicine is the distinction between radical and palliative care of the 
cancer patient. In defining the goals of our treatment, we clarify for ourselves and for our patients and their families realistic expectations for the (often all too short) 
time remaining to them. A thorough knowledge of the natural history of the disease is a prerequisite for this decision. Not infrequently we are surprised when the 
patient's course runs differently from the expected. Nonetheless, the inadequacies of our current treatments routinely place us in a clinical situation where cure is 
impossible, and improvement in the quality of life is all that we have left to offer. Some 25% to 50% of all cancer patients will require palliative radiation at some point 
during their illness. In no disease is this more important than in the care of the patient with lung cancer. In 1993 it was estimated that 170,000 patients would develop 
cancer of the lung in the United States, and 149,000 (87.6%) will die of their disease. 1 With cure rates so low that the mortality from this disease approaches the 
incidence, palliative care is more significant an issue in lung cancer than in almost any other single malignancy. For example, the five-year survival rates for patients 
presenting with locally advanced, inoperable, non–small cell lung cancer (NSCLC) (by far the majority of NSCLC patients) treated with radiation therapy with “curative” 
intent are 5% to 7%.2 These figures are low enough to cause intense debate as to whether these patients are best served by aggressive therapies rather than a 
“palliative” approach. 3,4,5 and 6 Thus in lung cancer, even when the patient has locally confined disease, we are faced with a difficult decision which centers around the 
question of “palliation” and quality of life.

It seems generally true that management decisions for the patient requiring palliative radiotherapy may be more complex and demanding than those involving 
definitive or “curative” care. The patient is generally more debilitated, often has multiple coincident medical and psychosocial problems, and frequently requires 
complex treatment planning and support. In this context, radiation therapy is generally acknowledged as one of the most effective weapons in the armamentarium of 
the physician attempting to treat patients with advanced or metastatic lung cancer. 7 Radiation is capable of improving symptoms in the majority of patients, and can 
even improve survival in selected cases. However, a wide variety of time dose and fractionation schedules are employed, with relatively little available information to 
guide the clinician in deciding optimal management strategies. 8,9,10,11,12,13 and 14 The final choice of dose and fractionation is often more influenced by the physician's 
perception of the patient's prognosis and survival, as well as by availability of resources and cultural differences in the approach to the terminal care of the cancer 
patient, than by clear clinical guidelines. 15 This chapter will outline the general approach to the patient with lung cancer requiring palliation of a symptom or a clinical 
syndrome and will thereafter focus on selected site-specific problems frequently encountered in the care of such patients.

GENERAL APPROACH TO PALLIATIVE THERAPY IN LUNG CANCER

Given the natural history of the disease, a wide spectrum of clinical conditions may confront the physician dealing with the palliative care of the patient with lung 
cancer.16,17 and 18 It cannot be overemphasized that the treatment of such patients must be individualized. The tendency to categorize patients with metastatic disease 
as a single group, for example, is not helpful and perhaps should be avoided. For instance, there is a clear difference between the patient with a solitary brain 
metastasis occurring more than a year after being rendered disease-free 19 and the patient in whom multiple brain metastases occur in conjunction with other sites of 
extrathoracic disease.20 A multimodality approach may be required, and physicians subspecializing in oncology should interact with one another in the management of 
these problems for these patients. No treatise on this topic can be all-encompassing; the following is intended as a general guideline only.

Firm Diagnosis

In the selection of the patient who might be expected to benefit from palliative irradiation, the following factors are critical ( Table 58.1). In general the histologic 
subdivisions of lung cancer21 are less important in the palliative management of these patients. When the patient with lung cancer requires palliative irradiation, it is 
often less important to know if the patient has SC versus NSC histology than it is to know that the patient has a malignant cause for the symptom. Tissue diagnosis is 
usually not a significant problem. The patient will commonly have a firm histologic diagnosis, so histologic reconfirmation prior to a course of palliative irradiation will 
not always be required. However, two clinical situations deserve mention.

TABLE 58.1. GENERAL APPROACH TO PALLIATIVE CARE

Histologic Confirmation

The first involves the patient who presents with a single or multiple sites of disease in a distribution highly suggestive of a metastatic process but with no prior history 
of malignancy. Lung cancers not infrequently have as their initial presentation parenchymal brain lesions, spinal cord compression, or superior vena cava syndrome, 
requiring immediate intervention.2,22 In the current management of these patients, it is mandatory to obtain tissue prior to instituting any anticancer therapies, including 



radiation.23

The second situation involves the patient with a known history of lung cancer who presents with a solitary lesion suggestive of metastatic disease. Table 58.2 
summarizes the important issues with regard to management in this situation. Here an important issue may be whether a biopsy is required prior to palliative therapy. 
Although each patient must be individually evaluated, the following points may be helpful. The commonest clinical problems relating to distant metastatic disease in 
lung cancer are those relating to brain and skeletal metastasis. 2,16,17 and 18 Solitary lesions may account for 30% to 50% of all cases of brain metastases. 24 In selected 
patients, surgical resection with postoperative whole-brain radiotherapy offers a group survival benefit. So, prior to a course of palliative irradiation, selected patients 
may benefit from surgical intervention for both diagnostic and therapeutic reasons.

TABLE 58.2. THE SOLITARY METASTASIS

Solitary bone lesions occur in only 6% to 8% of all patients undergoing screening isotope bone scanning for metastases. 25 Not all bone scan lesions represent 
metastases. Nonmalignant causes (osteoporosis, Paget's disease, prior trauma, and infection, for example) as well as other malignant entities (lymphoma, myeloma, 
primary bone tumors) may be characterized as metastatic lesions. The anatomic site of the lesion within the skeleton may be helpful in the differential. Although 
advances in diagnostic imaging have aided in the evaluation of such lesions, 26 as a rule solitary lesions should be biopsied prior to therapy. In the practical 
management of these problems, it is recognized that a biopsy may not be safely and easily accomplished (poor performance status or inaccessibility of the lesion). 
The clinician must judge each situation individually. Clearly, the assumption that a single lesion suggestive of a metastasis may be treated empirically with radiation is 
to be discouraged. This practice will on occasion lead to the inappropriate use of ionizing radiation for an unrelated (and possibly benign) condition or may lessen the 
potential for an optimal result from a curative approach ( Table 58.2).

Life Expectancy and Performance Status

It need hardly be stressed that the patient's life expectancy must be factored into any decision regarding palliative irradiation. Desperately ill patients in the final 
stages of refractory malignancy rarely benefit from intervention. Appropriate dose fractionation, including large single fractions, may be appropriate. 11 For example, 
the patient with significant hemoptysis at the late stages of the disease may benefit from such an approach. The patient performance status continues to be an 
important prognostic factor predicting response to radiation therapy. 8,12,27 Patients with poor performance status (PS) tend to respond less well to anticancer therapies 
than those with good to excellent PS.28 Coexistent medical conditions or pathophysiologic processes (related to the cancer or its treatment) may significantly impact 
on the patient's ability to tolerate or respond to a course of irradiation ( Table 58.3).

TABLE 58.3. COEXISTENT CONDITIONS

Clinical/Radiographic Correlation and Target Volume Selection

A critical step in the decision to offer a course of palliative irradiation is the accurate anatomic localization of the cause of the patient's symptom or syndrome. A 
combination of clinical and radiographic information helps to localize a radiation portal for maximal therapeutic gain. A directed clinical history and thorough physical 
examination remain the best start. The practice of relying solely on radiographic studies in the selection of a treatment strategy is to be discouraged. The patient 
cannot always accurately localize the cause of a symptom which may vary depending upon the problem. For example, localized pain is the hallmark of skeletal 
metastases,29 and a patient may accurately localize bone in many instances, whereas the ability to accurately localize the site of esophageal obstruction in the cause 
of dysphagia is less accurate. Clinical presentations with radiculopathy, such as brachial plexopathy from a Pancoast tumor or sciatic nerve pain from a lumbar 
metastasis, need to be recognized. Not infrequently, physical examinations will uncover previously unrecognized coexistent. For example, a patient with neurologic 
symptoms from known brain metastases may present with coexistent spinal cord compression from bony metastases. It should further be stressed that repeated 
clinical assessment, including physical examination, may be required during palliative therapy to ensure that the goals of treatment are being met and that such 
treatment remains the appropriate course, that is, is not unnecessarily protracted.

However, seldom if ever will a course of palliative radiation be instituted without some radiographic correlation ( Table 58.4). The target volume irradiated must include 
but not necessarily be confined to the demonstrated radiographic abnormality. Knowledge of the pathophysiology and natural history of the symptom or syndrome 
being palliated is essential. For example, palliation of a brachial plexopathy from a Pancoast tumor requires coverage not only of the visible lesion but also of the 
vertebral bodies and nerve routes to the plexus. In treating multiple vertebral body metastases, the physician must remember the potential need to treat an adjacent 
field at a later time.



TABLE 58.4. RADIOGRAPHIC EVALUATION IN PALLIATIVE IRRADIATION

In the era of modern imaging, there is a tendency to use MRI or CT imaging techniques as initial screening evaluations prior to or instead of a plain radiograph. While 
there are certainly clinical situations in which this is clearly appropriate (spinal cord compression, brain metastases, etc.), plain radiographs are very useful screening 
evaluations in this patient population. They may be very accurate in differentiating metastatic carcinomatous lesions of bone from benign lesions as well as other bone 
malignancies.29 Bone metastases from lung primaries tend to be lytic or occasionally blastic lesions localized to the spine, ribs, or metaphyseal regions of the long 
bones.30 Plain radiographs of the spine can frequently complement an MRI scan and aid in the accurate localization of a vertebral body collapse or spinal cord 
compression. Not all bone metastases are painful. Skeletal surveys and bone scintigraphy are a powerful tool in screening for such lesions. 25,31 Scintigraphy is also 
useful for following responses to treatment.25 Bone scans do not provide detail of the structural lesion in the bone; for this reason, plain radiographs should be 
obtained of abnormal areas of tracer accumulation detected on bone scan. In particular, painful areas and those in weight-bearing bones should be radiographed. 
Computerized tomography (CT) has gained an important role in the radiation management of the cancer patient, including the patient requiring palliative care. 32,33 and 
34 CT can greatly aid in the delineation of soft tissue masses, which are often associated with bone metastases and are not easily seen on plain radiographs. 
Furthermore, the increasing use of ultrasound (US) and CT-guided biopsy to obtain tissue from previously inaccessible locations has made tissue confirmation prior to 
therapy a much more attainable goal.35,36 and 37 Lastly, the incorporation of CT dosimetry into treatment planning systems 37 has enhanced the delivery of effective 
radiation doses with less normal-tissue morbidity.

Recent advances in magnetic resonance imaging (MRI) have greatly aided the palliative care in the cancer patient. MRI, coupled with radionuclide bone scanning, 
detected occult metastatic disease to the brain or skeleton in 28% of a small series of patients with operable NSCLC. 38 MRI has been shown to be effective in the 
early detection of vertebral body metastases 39 and is now considered to be the procedure of choice in assessing patients with medullary symptoms and cancer. 40,41 
Prospective as well as retrospective studies have shown a high degree of sensitivity and specificity (90% or more) in evaluating patients with suspected metastatic 
spinal compression syndromes.42,43 In situations where isotope bone scintigraphy is equivocal or negative, MRI has been shown to be a complementary noninvasive 
test.44,45 and 46 With appropriate technique, differentiation between osteoporotic fractures and metastases is possible with MRI alone, and this test is now becoming 
increasingly useful in obviating the need for biopsy confirmation in this situation. 26 In evaluating patients with suspected spinal cord compression, the MRI has 
demonstrated ability in precisely characterizing the mass and its relationship to the spinal cord. It allows simultaneous demonstration of multiple sites of involvement 
and thus can obviate the need for invasive and less sensitive tests such as myelography. 47 MR has also been found superior to CT in the detection of cerebral 
metastases.48 Coupled with an increasing role in radiation treatment planning, 49 it has therefore become invaluable in the staging and palliative management of the 
patient with lung cancer.50

The combined use of some or all of the aforementioned techniques, allied to the less frequently used sonography and angiography, generally compliment the history 
and physical examination in planning a course of palliative irradiation.

Time Dose and Fractionation in Palliative Care

There is perhaps no more important aspect to planning and administering palliative irradiation than choosing an appropriate time dose and fractionation (TDF) 
schedule (Table 58.5). The generally held assumption is that hypofractionated irradiation, utilizing fewer but larger doses of irradiation, is the appropriate course. 
Radiobiologically, these fractionation schedules are predicted to be associated with a greater long-term radiation morbidity (see Chapter 12). This approach is 
considered acceptable because the majority of patients will not survive long enough to experience these toxities. However it has been estimated that some 10% of all 
cancer patients treated palliatively will survive longer than one year. Therefore, the indiscriminate use of such schedules may cause long-term toxicity in surviving 
patients. Where possible, patients with a longer life expectancy should be identified because they are at greater risk for long-term morbidity related to their treatment. 
Because there is relatively little available literature critically analyzing the outcome when various TDF schedules are compared, good studies are needed to address 
this important question. Reliable and reproducible outcomes allowing comparison of various treatments must be agreed upon (see Table 58.6).

TABLE 58.5. FACTORS IN CHOOSING PALLIATIVE RADIATION SCHEDULES

TABLE 58.6. POSSIBLE PALLIATIVE CARE STUDY END POINTS

In this context, the work of patterns of care studies (PCS) and cooperative study groups such as the Radiation Therapy Oncology Group (RTOG) should be 
acknowledged. Recent physician-targeted studies have identified important international differences in the approach to these patients. 15,51,52 and 53 Such studies 
highlight as significant the availability of resources (government-funded versus private), physician and patient expectations, as well as a lack of reliable patient 
prognostic factors. For example, physicians who are funded privately tend to choose longer treatment courses with higher total radiation doses, as opposed to 
government-funded doctors, when they (the physicians) believe their treatment will prolong life or prevent the occurrence of future symptoms (“prophylactic” 
palliation). Further differences are seen depending on which physician has the responsibility for the terminal care of the patient. 54 These choices are often made in 
the absence of any demonstrable benefit in terms of survival or quality of life. As a final point, it is worth remembering that the palliative care of the patient with cancer 
is not necessarily synonymous with cytotoxic therapy. It is often appropriate to care for the patient with general medical treatments (analgesics etc.), allowing them to 
live with their cancer in a way that preserves their comfort, independence, and dignity for as long as possible.



SPECIFIC PROBLEMS IN PALLIATING LUNG CANCER WITH RADIATION

Brain and Central Nervous System Metastasis

Incidence

Metastasis to the central nervous system (CNS) occurs in 25% to 35% of all cancer patients. 55,56 It presents in three distinct temporal patterns relative to the primary 
lesion: precocious (occult primary), synchronous (simultaneous primary), and metachronous (antecedent primary). It has been estimated that lung cancer is the most 
common cause, accounting for 40% to 60% of all parenchymal metastases, translating to almost 45,000 cases in the U.S. in 1992. 57 In addition to being a frequent 
occurrence in newly diagnosed lung cancer, brain metastases constitute more than 25% of all recurrences in patients with resected NSCLC. 58 Brain metastases are 
present at the time of diagnosis in approximately 10% of patients with SCLC and occur at some point during the illness of a further 25% to 35%. 59 In fact, the 
incidence in SCLC increases with length of survival, so that 50% to 80% of patients surviving two years will develop brain metastases if no therapy is directed at their 
prevention.60 The use of prophylactic cranial irradiation (PCI) in lung cancer is dealt with in Chapter 56. Brain metastases are often dramatically symptomatic and 
distressing to the patient and family. It is thought that as many as 50% of patients will die of progressive CNS metastases. 61,62 Thus parenchymal brain metastases 
represent a significant cause of morbidity and mortality in the patient with lung cancer and require careful evaluation and therapy. However, the prognosis of patients 
with brain metastases varies widely, once again emphasizing the need for individualized management depending on the clinical setting.

Natural History and Prognostic Factors

CNS metastases arise either from hematogenous dissemination or from direct extension from adjacent sites (skull, soft tissues of head and neck, vertebral column, 
etc.). This section will deal only with parenchymal brain metastases. Clinical series estimate that 53% of brain metastases are multiple, though autopsy examination 
would suggest an even higher frequency.55,63,64 Lung cancer more typically presents with multiple rather than single brain metastases. Although synchronous 
presentations are not uncommon, the usual occurrence in lung cancer is that of metachronous presentation. In contrast to other histologies (breast, colorectal), the 
time interval to the development of brain metastases is relatively short in lung cancer. 56 Without treatment, the median survival for all patients is four to eight weeks. 65 
With active therapy, the median survival is increased to three to six months, with measurable if modest one- and two-year survival rates. For example, of 1,292 
patients with CT-documented brain metastases, the survival rates at six months, one year, and two years were 36%, 12%, and 4%, respectively. The authors 
identified performance status, response to steroids, systemic tumor activity, and serum LDH as independent prognostic factors with the strongest impact on survival, 
second only to treatment modality. Patients treated with steroids only had a 1.3-month median survival, while those receiving radiation had a 3.6-month median 
survival.66 The presence of symptoms related to the primary lung tumor has also been associated with a poorer outcome. 67 The RTOG has identified a series of 
prognostic factors for patients with brain metastases from all causes ( Table 58.7).68 The presence of four favorable prognostic factors is associated with a 52% 
predicted probability of surviving six months (10% of patients), while the absence of any of these factors is associated with a dismal prognosis—less than 10% chance 
of six-month survival. Approximately 10% to 15% of patients will live more than one year, emphasizing the need for careful patient selection and appropriate choice of 
therapy so as to minimize long-term morbidities in such patients.

TABLE 58.7. PROGNOSTIC FACTORS IN BRAIN METASTASES

Presentation

The diagnosis of brain metastases in cancer patients is based upon patient history, neurologic examination, and diagnostic radiologic procedures. Patients may 
describe headaches (over 50%), focal weakness (40%), seizures (15%), loss of sensation, or difficulties with gait or balance. 56 Often, however, patients are brought 
by family members or friends who have noticed the patient's lethargy, emotional lability, or personality change. Physical examination may demonstrate objective 
neurologic signs, but often only minor cognitive signs are present. The definitive diagnosis cannot be based solely on clinical examination alone, because the 
presenting symptoms and signs are not distinct from those of other intracranial space–occupying lesions. In addition, metabolic disturbance, carcinomatous 
meningitis, and paraneoplastic conditions may also present with CNS symptomatology, and these must be distinguished. CT and MRI scanning are the most sensitive 
and specific diagnostic tests.69 They are useful not only for diagnosis but also for treatment planning (surgery as well as radiation), to follow response, and to detect 
recurrence or complications of therapy.

Management

Prompt and often urgent intervention is required in the management of brain metastases to avoid or minimize progressive neurologic injury. It is far more effective to 
prevent neurologic deterioration than to regain deficits already lost. The quality of survival is greatly improved if clinical control of intracranial metastases is achieved. 
Initial management is generally directed at controlling raised intracranial pressure (ICP) if present. Steroid preparations (dexamethasone, methylprednisone, 
prednisone) are rapidly effective (six to 48 hours) and have long been the cornerstone of initial management. 70,71 The use of steroids alone is associated with a 
modest survival benefit (2.5 months median) when compared with no treatment. A common regimen is dexamethasone 4 to 6 mg q.i.d. (per oram [po] or intravenously) 
with or without a loading dose of 10 mg. Equivalent dosages of other steroids may be used. Higher doses are sometimes effective where lower doses have failed. This 
is especially true in the treatment of chronically raised ICP in patients with end-stage disease. 72,73 After radiation, steroids are tapered to the lowest dose necessary to 
suppress neurologic symptoms, and can often be discontinued. No specific tapering schedule is preferred, and the clinician must judge on an individual basis. Other 
maneuvers to reduce ICP, including diuretics (furosemide, mannitol) and hyperventilation, are far less frequently required in general oncologic practice and will not be 
further discussed here.56 Not all patients will show clinical evidence of raised ICP, and therefore many patients may be safely managed with radiation therapy without 
the use of steroids. Anticonvulsant therapy (phenytoin, carbamazepine) is recommended only if seizures occur, and is not required on a generalized basis.

Radiation Therapy of Brain Metastases

Therapeutic irradiation is used in virtually all referred patients with brain metastases, either as primary therapy or as an adjunct to surgical excision of a single lesion. 
The basis for the use of radiation is outlined in Table 58.8.



TABLE 58.8. BASIS FOR RADIATION THERAPY IN BRAIN METASTASES

The commonest technique is the use of whole-brain external-beam irradiation, generally administered using 4 to 6 MV photons from a linear accelerator. 60Co 
teletherapy is also appropriate. Opposed lateral technique with customized shielding of the ocular lens and soft tissues of the oropharynx and anterior neck is 
preferred by some. The inferior margin may be placed at the base of brain, but for ease of possible future field matching this border may also be placed to include the 
second cervical vertebra. The optimal time dose and fractionation schedule has been studied by the RTOG in a series of randomized prospective clinical trials. 74,75 All 
schedules studied were comparable in terms of frequency of improvement of symptoms and time to progression, but the duration of response and rate of complete 
disappearance of neurologic symptoms were not as good for ultrarapid schedules using one or two large fractions. Even where more favorable prognostic patients 
were evaluated using more protracted radiation courses (50 Gy in four weeks) no advantage was seen over the shorter treatment schedules. 68,76 Relatively little data 
exists on the long-term toxicity of these treatment regimens for obvious reasons. One report suggests a 10% to 15% dementia rate amongst long-term survivors 
treated with 30 Gy in two weeks.77 More recently the RTOG has evaluated accelerated fractionated radiation schedules at 1.6 Gy b.i.d. to doses up to 54.4 Gy, and 
found improvements in survival (not reaching statistical significance) at the higher dose levels, with acceptable toxicity rates. 13 This higher dose will now be the 
subject of a randomized comparison versus standard therapy. Until the results of this and similar studies are available, the standard recommended time dose fraction 
schedule for palliative whole-brain radiotherapy in the United States continues to be 20 to 30 Gy in five to 10 fractions over one to two weeks. These are cost-effective 
regimens offering maximal palliative benefit with acceptable long-term morbidity rates.

The Solitary Brain Metastasis

Solitary lesions account for 30% to 50% of all cases of brain metastases. 24,63 There is emerging evidence in selected patients that surgical resection with 
postoperative whole-brain radiotherapy offers a potential survival benefit. 8,78,79,80,81,82,83 and 84 Patients with cancer and single metastases to the brain who receive 
treatment with surgical resection and postoperative radiotherapy have fewer recurrences of cancer in the brain and are less likely to die of neurologic causes than 
similar patients treated with surgical resection alone. 85 While the argument for resection is less strong in patients with highly radiosensitive histologies and those with 
other sites of disease systemically, those patients with a good performance status presenting with metachronous brain metastasis and control of the primary tumor 
gained maximal benefit from the combined approach. Advances in neuroanaesthesia, surgical technique, and perioperative care have broadened the availability of 
neurosurgical intervention in this patient population. However, even with such improvements, less than half of the patients with solitary metastases will be able to 
undergo such an aggressive approach. 86 Factors associated with the best short-term results from the combined approach are listed in Table 58.9.87 One of the more 
influential recent studies has been that of Patchell and colleagues 80 which suggested a modest survival benefit with combined surgery and postoperative irradiation 
versus radiation therapy alone in a selected population with biopsy-confirmed single brain metastases. Of note was that as many as 11% of the patients entered were 
ineligible because they were found to have other than metastatic lesions (glioma, abscess, etc.), reinforcing the need for biopsy confirmation in the setting. A 
prolonged median survival (40 versus 15 weeks) and improved local control rate (80% versus 48%) was initially observed in the combined arm. However, by 90 weeks 
the overall survival in both arms was less than 10%, confirming the still-poor prognosis in these patients irrespective of treatment. Patchell and associates extended 
these observations in a multicenter randomized trial, 85 noting that recurrence of tumor anywhere in the brain was less frequent in the radiotherapy group than in the 
observation group (nine [18%] of 49 versus 32 [70%] of 46; p = less than 0.001). Postoperative radiotherapy prevented brain recurrence at the site of the original 
metastasis (five [10%] of 49 versus 21 [46%] of 46; p = less than 0.001) and at other sites in the brain (seven [14%] of 49 versus 17 [37%] of 46; p = less than 0.01). 
Patients in the radiotherapy group were less likely to die of neurologic causes than patients in the observation group (six [14%] of 43 who died versus 17 [44%] of 39; 
p = 0.003). Again, there was no significant difference between the two groups in overall length of survival or the length of time that patients remained functionally 
independent.

TABLE 58.9. PROGNOSTIC FACTORS IN SINGLE BRAIN METASTASES

The optimal postoperative radiation technique has not been defined. The initial study by Patchell and associates used whole-brain radiotherapy, 3 Gy per day to 36 
Gy. The dose was delivered via opposed laterals using a 60Co machine. One large retrospective review suggested a radiation dose response, with improved results in 
patients receiving 39 Gy or more (89% local control) versus less than 39 Gy (69% local control) in the adjuvant setting. 79 Another reported treatment schedule with 
similar results was 2.5 Gy per day to 40 Gy whole-brain, followed by a 10 Gy boost to the metastatic lesion. 8 There is increasing acceptance for the use of combined 
surgery and postoperative radiation therapy in the management of selected lung cancer patients with isolated intracranial metastases.

Specialized Radiation Techniques in Brain Metastases

Retreatment

Since 30% to 50% of patients with brain metastases will develop progressive or recurrent intracerebral disease, selected patients will be considered for reirradiation. 
Limited data exist on the use of external beam radiation in retreating patients who have received prior whole-brain therapy. 82 Cooper and colleagues have shown that 
if patients are carefully selected (Table 58.10), they can benefit from reirradiation, either partial or whole-brain, in dosages up to 25 Gy in 10 fractions. 88 Patients so 
chosen had a mean survival time of 5.6 months postretreatment and demonstrated improved average neurologic function. Less favorable reports show median 
duration of survival of only two to 3.5 months after retreatment and little improvement in neurologic status, illustrating that the margin of benefit is probably slim and 
careful patient selection is likely the key factor. 89,90



TABLE 58.10. SELECTION OF PATIENTS FOR REIRRADIATION

Focal Irradiation Including Stereotactic and Brachytherapy Techniques

The ability of these techniques to limit the dose of radiation to surrounding tissues has led to their evaluation in the setting of retreatment of cerebral metastases. 
Stereotactic “radiosurgery” uses sophisticated computerized techniques to identify targets and to focus multiple nonplanar radiation beams on these targets, allowing 
the delivery of large (usually single) doses while minimizing irradiation of surrounding tissue. Therapeutic gain is maximal when the ratio of the tumor volume to that of 
the surrounding normal tissue is large. In practice, small (3.5 cm or less), single, favorably located lesions are suitable for this approach. Therefore the impact of this 
technique on cerebral metastases, frequently large, and usually multiple, will be limited. However, selected patients with single recurrent lesions appear to benefit. 91,92

 A similar rationale, and therefore limitation, holds for the use of brachytherapy in this setting. This approach has been used as a boost technique in selected cases 
and as retreatment in patients with recurrent disease. 93,94

Radiation Sensitizers and Chemotherapy

The high response rates of SCLC to chemotherapy has led to the observation of regression of intracerebral metastases in patients responding to primary therapy. 95,96 

and 97 The response of cerebral metastases to “salvage” chemotherapy is less impressive. The fact that patients presenting with brain metastases as their only site of 
“extensive”-stage disease fare as well as patients with limited-stage disease is a testament to this phenomenon. 20 The response rates for brain metastases from 
NSCLC is obviously less striking. No studies address the role of combined chemotherapy or neoadjuvant chemotherapy with radiation. 56 Although responses may 
occur, this approach cannot yet be endorsed outside of a study setting. Lastly, the use of radiation sensitizers has been evaluated but shown to be of no benefit in the 
management of the patient with brain metastases.9,98 There is much need for the investigation and development of novel effective approaches in the management of 
this important clinical problem.

Bone Metastases and Related Clinical Problems

Incidence

Annually more than 100,000 people in the U.S. suffer with painful bone metastases. 99 Bone metastases occur in 20% to 40% of patients with lung cancer, 100 
amounting to almost 70,000 cases in the U.S. in 1993. Lung cancer accounted for one third of the bone metastases in one large autopsy series of patients dying of 
epithelial neoplasms.101 The commonest sites are the vertebrae, pelvis, and femora, with the skull and distal extremities being less frequently involved. 101,102 When 
long bones are involved, it is most usually the metaphyseal and less often the mid-diaphyseal regions which are affected. Pathologic fractures requiring surgical 
intervention occur in less than 10% of patients with metastatic disease but are an important cause of morbidity in the cancer patient. 103 Interestingly, lung cancer less 
frequently accounts for such fractures than other histologies, possibly relating to the short life expectancy in this disease. 29

Pathophysiology and Presentation

Normal bone remodelling is a coupled process balancing resorption by osteoclasts and regrowth by osteoblasts. 104 Bone metatases are either osteolytic, osteoblastic, 
or mixed. The osteoblastic variety is uncommon in lung cancer and will not be further discussed here. The typical bone metastasis from lung cancer is osteolytic. The 
mechanism of bone destruction is not completely understood and is the subject of intense research. 29 Evidence is emerging that both tumor cells and bone itself are 
capable of secreting factors that can stimulate osteoclastic activity. Several of the factors (TGF, OAF, IL-1, IL-6 etc.) are being evaluated as target molecules in the 
systemic treatment of bone metastases.104 Skeletal metastases occur via hematogenous spread possibly through a low-pressure venous plexus described by Batson 
in 1940.105 The important clinical consequences of bone metastases are pain and bony destruction. The pain is generally well localized, initially intermittent, but 
eventually constant and unremitting. Depending on the location of the lesion, the pain may be referred to a nearby joint (e.g., “frozen shoulder”), the anterior chest or 
abdominal wall, or extremity. Bone destruction may compromise the biomechanical strength of the bone and lead to pathologic fracture. The strength of normal bone 
depends on an intact cortex and underlying medullary system. 29 Typical metastatic lesions destroy a segment of both the cortex and medulla. Cortical defects weaken 
the bone, especially to torsion or rotational forces. It has been estimated that such a defect whose length is greater than the diameter of the bone may weaken the 
bone by as much as 90%.106

The consequences of pathologic fracture may be severe and debilitating. This is especially true of fractures involving weight-bearing bones, humerus, and the spine, 
where epidural compression of the spinal cord may be a paralyzing and even a preterminal event. Pathologic fractures from metastases will not heal without 
anticancer therapy. The rate of subsequent union has been shown to vary with histology (poor in lung metastases), as well as type of intervention (orthopedic, 
radiotherapy, or chemotherapy) employed.107 The following sections will deal with the use of radiation for clinical syndromes common in patients with lung cancer 
metastatic to bone. Unlike other histologies such as breast and prostate cancer, where systemic treatment with hormonal therapies and novel agents such as 
bisphosphonates108,109 and pamidronate110,111 can bring about valuable responses and palliation, radiation therapy (with or without surgery) is often the only 
therapeutic option available to lung cancer patients. The aims of such treatment are pain relief, maintenance of normal function including ambulation, and prevention 
or management of complications of bone destruction such as pathologic fracture or cord compression. At present the role of radiation in preventing the progression of 
subclinical disease is being explored.

The Radiation Management of Painful Bone Metastasis

Localized Radiotherapy

Focal external-beam radiotherapy is the commonest technique used to treat bone metastases. Factors associated with optimal radiotherapy treatment planning are 
listed in Table 58.11. It need hardly be stressed that any prior radiation treatments must be accounted for and the portals and techniques used should be reviewed 
prior to initiating therapy. It is useful practice at simulation to localize any prior portals with reference to skin tattoos and prior documentation, and delineate such 
portals with a wire placed on skin, to minimize the likelihood for unexpected overlap of radiation fields. The choice of the most appropriate TDF schedule for the 
palliation of bone metastases is a complex topic. Physician bias influences therapy selection in palliative care. 15,51 Although patients with lung cancer metastatic to 
bone have a median survival of less than six months and a good outcome is thought less likely with lung than other histologies, 112,113 there is sufficient heterogeneity 
even in this patient population to warrant careful selection in the choice of technique.



TABLE 58.11. RADIATION TREATMENT PLANNING FOR BONE METASTASES

Several retrospective reviews114,115 and 116 and a number of prospective randomized controlled trials, including those of the RTOG and others 112,117,118,119,120,121,122 and 123 
are available to document the rough equivalence of single-dose to fractionated radiotherapy, as well as a number of multifraction schedules (10 Gy in 2 to 2.7 Gy in 
15 fractions). A prospective nonrandomized study has also compared various TDF schemes in this context. 113 A number of general statements may be made. Some 
80% to 90% of patients can anticipate at least partial pain relief, irrespective of the schedule used. 29,119 As many as 50% to 62% of patients experience complete pain 
relief.112,113 The majority of patients will respond within two to 12 weeks from start of therapy. Some authors have argued for more protracted treatment courses and 
higher radiation doses, on the basis that they are more likely to produce complete responses with full withdrawal of narcotic medications than shorter courses, 118 a 
greater likelihood of complete pain relief, and a longer time to progression. 113 A second argument for more protracted treatment points to the increased frequency of 
reirradiation among patients treated with single doses, inferring less therapeutic effect. However, as has been pointed out by Malawar and Delaney, 29 this may simply 
reflect the reluctance of radiation oncologists to retreat areas that have received prior high-dose (tolerance dose) schedules. It has been our practice to avoid the use 
of large single doses of radiation in anatomic locations where potential toxicity to surrounding structures may limit the effectiveness of the therapy. Thus, for bone 
metastases to the skull and spine, fractionated doses are preferred, minimizing the risk of injury to the brain, spinal cord, and major organs. In the United States, 30 
Gy in 10 fractions is probably the commonest schedule used. When very large spinal column fields are required, we have found 30 to 35 Gy in 12 to 14 fractions a 
useful alternative with acceptable acute gastrointestinal morbidity. Careful individualization is required.

Single or Limited-Number Bone Metastases

As described above, histologic confirmation is frequently required prior to irradiation. Although uncommon in lung cancer, such patients may enjoy relatively long 
disease-free and overall survival periods. 29 Although no clear evidence of dose response exists in palliating bone metastases, there are suggestions that doses in 
excess of 40 Gy may be beneficial124 and may therefore be considered in this circumstance.

Spinal Cord Compression (SCC)

Incidence

After brain metastasis, SCC is the second most common neurologic complication of malignancy and the most common malignant lesion to affect the spinal cord. Lung 
cancer is its most frequent cause.125,126 SCC is the commonest radiation emergency in the cancer patient. Although it may be the presenting feature of malignancy in 
lung cancer, it more typically occurs at an interval following the diagnosis. 127 The main determinant of neurological outcome after treatment is the pretreatment 
neurological status, whereas the prognosis for survival is related more to the underlying disease. 128,129 The relationship between functional outcome and pretreatment 
neurologic status deserves emphasis. Even with modern approaches, it has been reported that zero to 16% of paraplegic patients will regain ambulatory status with 
treatment.130,131 and 132 Additionally, in a retrospective analysis of patients with lung cancer and SCC, all ambulatory small cell lung cancer patients retained function 
with therapy, while only 15% of the nonambulatory small cell patients regained walking ability. Similarly, 95% of patients with non–small cell lung cancers retained 
ambulatory function, while only 22% of nonambulatory patients were able to walk posttreatment. 133 Early recognition of the problem is essential so that therapy may be 
initiated and neurologic deterioration avoided. 134,135 Despite increasing awareness of the presenting features of this syndrome among oncologists as well as general 
physicians, 75% to 80% of patients still present with significant neurologic compromise, and these patients uncommonly recover function even with aggressive 
multimodal therapy.129,136 However, it should be borne in mind that with appropriate recognition and treatment, 40% to 60% of patients will remain ambulatory. 126 
Posttreatment physical therapy is also important. Functional improvements in mobility and self-care can be obtained and maintained in appropriate patients. 137

Pathophysiology and Presentation

Although metastases to the cord itself or the epidural space can occur, by far the commonest mode of compression is that due to expansion or collapse of the 
vertebral body (85%) or neural arch. 126 Lung cancer may also directly invade the spinal column and epidural space, producing SCC. 138,139 With the advent of 
high-resolution tomography and MRI, cord compression with associated paravertebral mass is being recognized with increasing frequency. 132 The anatomic 
distribution of SCC reflects the number of vertebral bodies at risk (70% thoracic, 20% lumbosacral, and 10% cervical). 126 Increasing use of MRI in the diagnosis of 
SCC has highlighted the fact that multiple levels may be involved. 47 The clinical syndrome is summarized in Table 58.12. Pain usually precedes other symptoms and 
must never be ignored in the cancer patient. Sensory changes may follow or accompany motor loss. Findlay proposed a motor grading system that is useful in 
categorizing patients pretreatment and predicting outcome ( Table 58.13).131,134

TABLE 58.12. SPINAL CORD COMPRESSION



TABLE 58.13. FINDLAY MOTOR GRADING SYSTEM IN SCC134

The evaluation of the patient with SCC must be speedy and decisive. Delay may allow the development of irreversible neurologic deficit. Although 80% of patients will 
show abnormalities on plain spinal radiography, normal spine films do not exclude epidural metastases. MRI with gadolinium enhancement is now being increasingly 
recognized as the diagnostic method of choice in SCC (see Table 58.14.126 Figure 58.1 illustrates an algorithm which allows for the practical evaluation of the patient 
with suspected SCC.

TABLE 58.14. MRI ADVANTAGES IN DIAGNOSING/MANAGING SCC

FIGURE 58.1. This figure illustrates an algorithm which allows for the practical evaluation of the patient with suspected SCC.

Management of Spinal Cord Compression

Appropriate assessment and management requires close cooperation among subspecializing physicians. Primary physicians and medical oncologists, neurologists, 
neurosurgeons, orthopedists, and radiation oncologists may all contribute to a successful outcome. It is incumbent on each, however, to be aware of the indications 
and limitations of the techniques available. Absolute management recommendations cannot be made. However, most patients will require radiation with or without 
surgical intervention. Selected patients with chemosensitive tumors may also require chemotherapy. Initial therapy generally consists of corticosteroid administration. 
Steroids can reduce pain and limit neurologic progression prior to definitive therapy. The presumed mechanism of action is reduction of edema. The optimal dose has 
not been established. Typically 10 mg of dexamethasone given intravenously at diagnosis is followed by 4 mg t.i.d. or q.i.d. (either intravenously or by mouth). There 
is no clearly established benefit to exceeding these doses, although doses up to 100 mg have been evaluated. 140

Although a full discussion of the neurosurgical aspects of managing SCC is beyond the scope of this chapter, certain points should be made. The optimal timing of 
neurosurgical intervention has yet to be defined, but it would seem logical that, if surgery is contemplated at all, the sooner the better. At least one retrospective 
review of 84 cases showed improved functional outcome (61.5% versus 25%) if the surgery was performed within 24 hours. Improvement was even seen in patients 
incontinent and immobile prior to intervention. 141 There has been a reevaluation of the role of posterior laminectomy in the surgical approach to these patients, and 
the radiation oncologist must be aware of the indications and contraindications for this procedure. Formerly, when the combined approach was used, laminectomy 
was the preferred neurosurgical intervention. Some series report good results with this technique. 142 Recent neurosurgical literature, however, emphasizes the 
importance of a selective operative approach based on the anatomic location of the tumor. Since 85% of epidural compressions are anteriorly located, the focus of the 
surgery should be the vertebral body. 126 There is evidence that posterior laminectomy may fail to deal adequately with this problem and may in fact worsen the 
neurologic outcome.130,134 It has been reported that less than 10% of patients with anteriorly based lesions benefit from laminectomy. 126,143 Removal of the spinal 
arches in a patient with vertebral body involvement or collapse can greatly increase spinal instability and worsen neurologic function. Anterior approaches can allow 
stabilization of the spine. Using optimal neurosurgical approaches, as many as 94% of patients retain ambulation after treatment. 126 The indications for neurosurgery 
in SCC are listed in Table 58.15.

TABLE 58.15. INDICATIONS TO CONSIDER NEUROSURGERY IN SCC



Radiation Management of Spinal Cord Compression

The role of radiation therapy alone in the management of SCC is well established. Retrospective reviews comparing radiation alone versus radiation and surgery 
combined are fraught with selection bias, precluding meaningful statements regarding the benefit of one versus the other. However, there is evidence of comparability 
in selected series.144 Only one small randomized trial of radiation alone versus surgery and radiation has been published, and shows no significant difference between 
the two.145 It is hardly surprising that radiation therapy alone is associated with better results in the more radiosensitive malignancies. 144,146 Although SCLC might be 
expected to exhibit a somewhat better response to radiation than NSCLC, when analyzed, histologic subtype has not proven to be important. 129 A tendency for 
patients with NSCLC in this study to do better with the combined approach is probably the result of patient selection. In general, response rates to radiation alone in 
this situation are in the 40% to 60% range. As is true in surgical and combined series, the pretreatment neurologic status is the principle prognostic marker of 
response to radiation.126,129 The radiation portal should be based on all available clinical and radiographic information. Paravertebral extension should be included in 
the portal. Since lung cancer is commonly associated with paravertebral masses, imaging must assess for such problems. 132 By time-honored practice, the typical 
radiation portal includes the affected vertebral body, including two vertebral bodies above and below. Cervical spine fields are generally arranged laterally and 
opposed. A single posterior (PA) is used for upper- and mid-thoracic levels, while lower thoracic and lumbosacral lesions may be optimally dosed via the 
anteroposterior (APPA) approach.

Energy and prescription depths must be individualized. The optimal radiation TDF schedule for spinal cord compression has not been clearly established. Spinal cord 
tolerance to radiation must be respected, and there is no objective evidence that this tolerance varies from cervical to thoracic levels. 147,148 There appears to be no 
clear dose response relationship in lung cancer patients irradiated for SCC. 126 Attempts to treat lung cancer patients with associated paravertebral masses to doses of 
40 Gy in 16 fractions have yielded no improvement. 132 Limited experimental data in a rat model suggesting a benefit to using large initial fractions (300 to 500 cGy) 
has no human clinical evidence in support but is a frequently utilized regimen. The standard TDF schedule for radiation therapy alone in lung cancer SCC is 30 Gy in 
10 fractions. No clear consensus on the optimal postoperative radiation TDF schedule exists. When the SCC lesion represents the only site of metastatic disease, it 
has been our practice to employ doses in the 40 to 50 Gy range at standard fractionation, in view of the somewhat better prognosis expected in such cases.

Prevention and Management of Pathologic Fracture

Radiation therapy is capable of halting osteolytic bone destruction and even of promoting reossification in up to 80% of lesions. 149,150 Although pathologic fracture has 
been thought less commonly a problem in the patient with lung cancer than in osteolytic metastases from other histologies, this clinical issue is frequently presented to 
the radiation oncologist for consideration. The commonest anatomic locations are the femur and humerus. Both are extremely important clinical issues, since fracture 
in these locations can bring about major functional impairment. Prognostic factors predicting patients at high risk for subsequent fracture have been published and 
used as a guide for prophylactic management,29 both surgical and radiotherapeutic. The question as to whether the patient at high risk for pathologic fracture should 
be managed surgically or with radiation is a difficult one. Since radiation will take time to bring about reossification, any patient considered at imminent risk for fracture 
should be considered for surgery. The criteria used for operative repair of lesions of the hip and femur at Memorial Sloan-Kettering (MSK) have been published ( Table 
58.16).151

TABLE 58.16. CRITERIA FOR PROPHYLACTIC SURGERY TO PREVENT FRACTURE (MSK)

Radiographic criteria alone may be insufficient, and Mirels has described a clinico-radiographic scoring system based on four clinical factors ( Table 58.17).152 The 
author suggests that lesions of the long bones with scores of 7 or less could be irradiated, while those of 8 or more should be fixed surgically with postoperative 
irradiation.

TABLE 58.17. SCORING SYSTEM FOR PATHOLOGIC FRACTURES

The principles and techniques for irradiation, be it prophylactic palliation or definitive therapy, do not differ form those relating to bone metastases described above. 
The entire bone should be evaluated radiographically and with scintigraphy so that coexistant lesions do not go unrecognized. All patients treated with surgical 
intervention should be irradiated postoperatively to aid in bone healing. Postoperative irradiation is usually commenced two to three weeks after surgery to allow 
wound healing. Doses of 20 to 30 Gy in 5 to 10 fractions are customary, with boost doses of 600 to 900 cGy where appropriate. As before, the isolated bone lesion 
may be considered for a more protracted TDF course.

SPECIALIZED RADIOTHERAPEUTIC TECHNIQUES IN BONE METASTASES

Wide-Field and Systemic Irradiation

The ability to deliver tumoricidal doses of ionizing radiation systemically or at least to wider “fields” requiring treatment is an extremely appealing concept in the 
management of patients with or at high risk of developing overt metastatic disease. Radiation remains the most effective single anticancer agent in solid malignancies. 
However, the toxicities of such approaches have traditionally rendered them less desirable in this context in the opinion of most clinicians. The use of “hemibody” 
irradiation (HBI) or sequential double-hemibody irradiation (DHBI), either in single or multiple fractions, is not new. 153,154,155 and 156 With the advent of radioprotectors 



such as interleukin-1 and nitroxides, 157,158 along with recombinant growth factors allowing a degree of bone marrow protection, the use of HBI/DHBI with these agents 
is enjoying a revival in the investigative management of systemic malignancies. Included are those cancers affecting bone marrow (multiple myeloma and 
non-Hodgkin's lymphoma) as well as bone metastases from solid malignancies (primarily prostate and breast).

Although response rates are less than those usually expected from fractionated local-field irradiation (complete responses 20% and partial responses 50%), the pain 
relief may be rapid (24 to 48 hours). The use of fractionated (30 Gy in 10 fractions) versus single-dose (600 to 800 cGy in 1 fraction) may be more effective in terms of 
time to and duration of response, as well as toxicity, but offered no survival benefit where evaluated. 155 The optimal fractionation scheme for HBI has not yet been 
defined but has been evaluated by the RTOG in a phase I-II trial. 156 The dose-limiting toxicity appeared to be hematological, but gastrointestinal toxicities were also 
significant.

The RTOG also assessed the role of wide-field irradiation in delaying the progression of subclinical disease. A randomized prospective study found that the addition 
of wide-field to local irradiation delayed the onset of new disease in the targeted hemibody field, with a doubling of time to progression (6.3 to 12.6 months). 10 The 
same investigative approach was used in the evaluation of radionuclides in the therapy of bone metastases. Injectable radionuclides such as phosphorus-32, 
strontium-89, iodine-131-diphosphonates, rhenium-186, and samarium-153 are bone-seeking compounds which have been shown to be effective in relieving pain 
from bone metastases.159 Much attention has been recently focussed on strontium-89 ( 89Sr). Randomized comparisons of local field irradiation and local field plus 89Sr 
have shown a benefit in terms of improvements in quality of life and reduction in analgesic requirements, as well as delaying the requirement for further radiotherapy 
in prostate cancer.160,161 Current trials are evaluating the combination of HBI/DHBI with radionuclides and may bring about improvements applicable to treatment of 
bone metastases from lung cancer.

PALLIATING LOCOREGIONAL PROBLEMS IN LUNG CANCER

Superior Vena Cava Syndrome (SVCS)

Modern reports show that obstruction to the flow of blood through the superior vena cava is due to intrathoracic malignancy in almost 90% of cases. 162 Lung cancer 
(usually the right lung) is the commonest malignant cause, accounting for 70% of all cases. 163,164 Although SVCS occurs in less than 5% of all patients with lung 
cancer,165,166 it is an important syndrome requiring recognition and relatively urgent management. Small cell (40%) and squamous cell (25%) are the commonest 
histologic culprits.163,167 The SVC is a large, thin-walled vessel in the middle mediastinum and is intimately related to the right bronchus, hilum, and paratracheal lymph 
nodes, draining the entire right and left lower thoracic contents. It is not surprising, therefore, that it is vulnerable to compression in lung and other intrathoracic 
malignancies. The rapidity of onset of the obstruction is an important determinant of the type of clinical syndrome produced. Rapid occlusion of the vessel produces 
acute and at times dramatic clinical signs. Gradual occlusion allows time for the development of collateral vessels. This syndrome has been modeled in animals. 168 
The commonest presenting symptoms and signs are listed in Table 58.18. It is important to bear in mind that the syndrome varies from an acute and dramatic 
presentation to a more insidious and indolent picture. Frequently, the facial and neck swelling may be apparent only on comparing appearances with an old 
photograph or driver's license. Although SVC has long been considered a “medical emergency,” it should be emphasized that in general the only threat to the 
patient's life is when the patient's airway is impeded, either from the mass itself, from laryngeal edema secondary to venous hypertension, or from raised intracranial 
pressure.

TABLE 58.18. COMMON SYMPTOMS AND SIGNS IN SVCS

Diagnosis and Management of SVCS

The practice of irradiating the patient with SVCS without a tissue diagnosis is inappropriate. 23,163,169 The presence of SVCS itself does not preclude a curative 
therapeutic strategy. The prognosis of this syndrome is strongly correlated with that of its underlying cause. On assessing the patient clinically, particular attention 
should be paid to the presence of airway compromise, since this will guide the diagnostic approach and therapy. The chest radiograph is usually although not 
invariably abnormal.170 CT and MRI scanning provide valuable anatomic detail and staging information as well as vital detail for treatment planning. The majority of 
patients with SVCS present prior to an established tissue diagnosis. 169 Some tissue diagnoses may be obtained by sputum cytology, thoracentesis, and bone marrow 
and lymph node biopsy, with positivity rates of 23% to 67%. 163 However, bronchoscopy, mediastinoscopy, and even thoracotomy may be required. Recent series point 
to acceptable complication rates where these tests have been employed. 171,172 and 173 Although radiation is frequently employed in the management of this syndrome, 
other therapeutic options are often appropriate. Chemotherapy may be the preferred initial option in patients with SCLC (see below), and has been used successfully 
in patients with recurrent disease.174 Stenting has been used successfully in selected cases. 175,176,177 and 178 Even long-standing lesions can be successfully 
recanalized.179 Extended surgical resections in cases of NSCLC with direct invasion on the SVC can also be effective. 180

The optimal initial management for the patient with small cell lung cancer and SVCS is generally combination chemotherapy, although radiation has been used in 
selected series. There is no difference in outcome or time to resolution between the two, 163,167 but chemotherapy offers the advantage of simultaneous management of 
systemic disease and avoidance of large-field irradiation to the heart and lung. Resolution of the syndrome is prompt (seven to 10 days) and is achieved in 43% to 
100% of cases.181,182 One randomized study in small cell patients with SVCS assessed the value of radiation versus chemotherapy in patients initially managed with 
chemotherapy and found no benefit to the radiation in this circumstance. 183

Radiation Management of SVCS in Lung Cancer

Radiation is generally central to the management of the patient with NSCLC and SVCS. Initial treatment with 2 to 4 fractions of 300 to 400 cGy has been 
advocated,163 based on limited evidence suggesting a more prompt response with this schedule. 166 The choice of higher initial radiation fractions has also been 
advocated in patients with poor performance status.184 However, the optimal TDF schedule in SVCS has not been established, and there is no clinical data to suggest 
a dose response in terms of the final dose required. Where possible, all locoregional disease, including involved hilar and supraclavicular regions, with appropriate 
margins should be treated. Failure of resolution of SVCS despite optimal management should prompt the search for ancillary problems such as intravascular 
coagulation within the SVC itself. Refractory or recurrent SVCS, especially in the patient who has received prior radiation, may require the placement of an 
expandable or rigid stent to reestablish patency. 175,176,177 and 178,185 Sharp recanalization might also be effective in these circumstances. 179 Neoadjuvant chemotherapy is 
of uncertain and untested value in this circumstance; however, it is not without potential merit.

Locoregional Problems in Lung Cancer

Up to 70% of patients with lung cancer present with problems related to locoregional disease. Both at presentation and relapse, locoregional symptoms are of major 
importance in this tumor. Radiation represents the most active agent available in the management of these problems. The use of brachytherapy techniques, both low- 
and high-dose rate, are increasingly popular in this context. A detailed discussion of these is seen in Chapter 49. As with other palliative issues, radiation response 
rates are available from a variety of studies (mostly retrospective) within a heterogeneous patient population. Therefore individualization is required, and the results 



quoted should be used as a rough guide only. The major symptoms and response rates are presented in Table 58.19. Randomized studies of a variety of TDF 
schedules in the palliative management of locally advanced NSCLC have shown equivalent survivals on the whole, irrespective of the technique used. 186,187 and 188 
Typically, approximately 25% of patients experience complete relief of symptoms, while almost 50% obtain partial but measurable improvements. The duration of this 
palliation is generally meaningful, and persists for more than half of the expected life of the patient. 188,189 Selected retrospective reviews have shown symptom 
response rates equivalent to those quoted from these larger randomized studies. 189,190 As discussed in above, the final choice of TDF schedules in the palliatve care 
of the patient with lung cancer varies significantly from physician to physician and country to country. 15 Since these patients have limited median survivals (generally 
six months) and there is no evidence of improvement in survival, response rates, time to, and duration of response, shorter TDF schedules are generally preferred. 
Doses of 30 to 35 Gy at 250 to 300 cGy per fraction are generally considered standard in the United States, while 17 Gy in two fractions (one week apart) is gaining 
favor in Britain. The significant rates of local relapse have made the issue of retreatment of locoregional disease a recently addressed issue. In general, 20 to 30 Gy 
using 200 cGy fractions may be safely administered to mediastinal and lung fields, with selected patient benefit.

TABLE 58.19. PALLIATING LOCOREGIONAL PROBLEMS IN LUNG CANCER
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The discovery of a pleural effusion is a common clinical problem. The most frequent cause for a pleural effusion is an underlying malignancy. 1 Lung cancer is the most 
common cause of malignant effusion, followed by breast cancer and lymphoma.2 Pleural effusions have been reported to occur in up to 50% of patients with breast 
cancer,2 in about 25% of patients with lung cancer 3 and a third of patients with lymphoma.4 These tumors are responsible for nearly 75% of all malignant pleural 
effusions. The remaining malignancies include the gastrointestinal tract, genitourinary tract, melanoma, mesothelioma, sarcoma, thyroid, and leukemia. 
Adenocarcinoma of the lung is the most frequent pulmonary malignancy-causing effusion. The primary tumor is unknown in 15% of patients.

Pleural effusions may be the presenting sign or symptom of the carcinoma or they may occur near the terminal period of the illness. Survival following presentation is 
related to the primary tumor. Survival is usually limited to months with lung carcinoma but in patients with breast cancer, survival can be much longer.

Since the patient presents with dyspnea and pleuritic pain, treatment of malignant pleural effusion is an important component of therapy. In addition, the respiratory 
distress may compound the anxiety the patient has due to the malignancy. Even if the patient's disease process cannot be cured, treatment of malignant pleural 
effusion will not only improve his or her symptoms but alter his or her emotional state. Prompt and efficacious treatment of malignant pleural effusion will not only 
contribute to patient well-being but decrease time of hospitalization and cost to the health care system.

PATHOPHYSIOLOGY OF MALIGNANT PLEURAL FLUID FORMATION

Anatomy of the Pleura

The parietal pleural receives its blood supply from the intercostal arteries and is drained by systemic intercostal and bronchial veins. The visceral pleural receives its 
blood supply from the bronchial (systemic) circulation. 5 Its venous drainage is via the subvisceral pleural capillaries into the pulmonary veins.

Lymphatic drainage6 of the parietal pleura drains into both internal mammary nodes anteriorly and intercostal nodes posteriorly. The anterior and posterior mediastinal 
nodes also receive drainage from the diaphragmatic pleural lymphatics. The lymph from the visceral pleura flows centripetally toward the hilum. The lymph eventually 
reaches the right lymphatic trunk or the thoracic duct, which empties into the junction of the left internal jugular and subclavian veins.

Mesothelial cells form the lining of the parietal and visceral pleura. In addition stomata, 2 to 12 mm, form openings between the mesothelial cells. They are centered 
over the lymphatic channels. Stomata are the entry point of pleural fluid, particulate matter and protein from the parietal pleural space. Through the stomata there is a 
direct communication to the lymphatic channels. No communication exists between the lymphatics and the visceral pleura and the pleural space.

Normal Pleural Fluid Formation

Pleural fluid formation had been thought to be dependent on the visceral and parietal pleural hydrostatic and colloid oncotic pressures. Following Starling's law, 7 the 
pleural fluid formation was the result of the mean capillary hydrostatic pressure minus the capillary colloid oncotic pressure which favored the movement of fluid from 
the parietal pleura into the pleural space ( Figure 59.1). These forces also favored the reabsorption of fluid from the pleural space to the visceral pleura. Based on 
these calculations, there was a net movement of pleural fluid from the parietal pleura to the visceral pleura. The protein within the pleural space was cleared by the 
lymphatic system. Given this application of Starling's law, the rate of pleural fluid and protein production was thought to be as high as 7 L per day. 8

FIGURE 59.1. Net flow of protein-free fluid in accordance with Starling's law and assuming that the visceral pleura is supplied by pulmonary circulation. Pressures are 
provided in cm H2O.



These concepts have been updated recently. 6,9 The parietal pleura has assumed the major role in movement of pleural fluid. The parietal pleura, which is only 10 to 
20 microns from the visceral pleura, produces 100 to 200 mL of fluid per 24 hours. Since the visceral pleural microcapillaries are removed from the visceral surface, 
they play only a minimal role in reabsorption of pleural fluid. Conceptually the pleural fluid can be thought of as being in continuity with the parietal pleura interstitium.

The current concept is that the parietal systemic capillaries produce a low-protein filtrate which enters the parietal pleura interstitium and then passes through the 
mesothelial cells into the pleural space. The protein content of the fluid in the pleural space is about 1.5 grams per dl. 10 The stomata lining of the parietal pleura allow 
the exit of pleura fluid, particulate matter, and protein from the pleural space. This passes into the lymphatic channels. Lymphatic fluid in the pleural space has a large 
reserve of up to 500 mL. With the equal entry and exit of fluid from the pleural space there is no accumulation of fluid ( Figure 59.2).

FIGURE 59.2. The parietal pleura is the primary site of entry and exit of fluid and protein. (From Broaddus C, Staub NC. Pleura liquid and protein turnover in health 
and disease. Semin Respir Med 1987;9:7, with permission.)

Mechanisms of Abnormal Pleural Fluid Formation

Abnormal pleural fluid formation can be due to single or multiple etiologies. Changes in the hydrostatic or colloid oncotic pressure can result in transudative 
effusions.11,12 Clinical scenarios including hypoalbuminemia, atelectasis, or congestive heart failure produce transudative effusions.

The usual cause of malignant pleural effusion is changes in the lymphatic drainage from the pleural space. 3,13 The etiology may be tumor obstruction of the parietal 
pleura stomata, mediastinal node involvement with impaired lymphatic drainage, or increased parietal capillary permeability due to lymphangitic tumor spread. The 
extent of metastatic pleural involvement does not correlate with the development of pleural effusion. 14 Pleural implants can alter capillary permeability by their 
production of vasoactive peptides.

Malignant pleural effusions are usually secondary to pulmonary artery invasion 12 by lung cancer and embolization of tumor cells to the visceral pleura with 
subsequent seeding of the pleural space. More peripheral lesions may have direct involvement of the pleural space. Direct extension from breast carcinoma involving 
the chest wall can cause malignant pleural effusion.

Pleural effusions can also be caused by factors that do not directly involve the pleural space. 15 Changes in the hydrostatic pressure from cardiac or pericardial 
disease or superior vena cava syndrome can be the underlying reason for pleural effusion. Mediastinal and chest radiation can impair lymphatic drainage and be the 
cause of pleural effusion. Pneumonic processes such as lung atelectasis can alter the pleural pressure. Communication from malignant ascites through diaphragmatic 
lymphatic channels can also cause secondary malignant pleural effusion. Conditions such as cirrhosis, connective tissue diseases, and hypoalbuminemia may also 
affect the rate of pleural fluid production and need to be considered when therapeutic interventions are made.

CLINICAL MANIFESTATIONS

Characteristics of Malignant Pleural Effusions

At the time of presentation, 77% of patients with malignant pleural effusions have symptoms. A malignant pleural effusion is the initial presentation in up to 90% of 
patients with primary or metastatic pleural malignancy.16,17

The most common respiratory symptom is shortness of breath. Dry cough and pleuritic chest pain are other commonly voiced complaints. The cough is a result of the 
underlying lung atelectasis and chest pain is due to the inflammation of the parietal pleura. Ipisilateral shoulder discomfort may be present when there is 
diaphragmatic parietal pleura involvement.

On physical examination there is dullness to percussion in the lower aspect of the thorax and with a larger pleural effusion there is dullness over the entire thorax. 
Breath sounds in the area of the effusion will be decreased. The effusion may also elicit a change in the character of the transmitted sound. Atelectasis of the 
compressed lung may result in hyperresonance above the fluid level due to distended alveolar air space. Below the fluid there may be loud bronchial breathing.

With significant tumor involvement of the chest wall there may be restricted expansion or intercostal fullness. The trachea may deviate to or away from the side of the 
effusion. The trachea is shifted away from the side of the pleural fluid when the malignant effusion is secondary to breast or ovarian carcinoma. When the trachea 
shifts toward the pleural effusion, the most likely etiology is carcinoma of the lung with either complete or partial bronchial obstruction.

The patients with an advanced stage of the malignant disease will have weight loss, appear cachetic, and feel chronically tired.

DIAGNOSIS

Radiologic Assessment

A chest radiograph is usually the initial test in a patient who presents with respiratory symptoms or physical examination suggestive of pleural effusion. The chest 
x-ray can demonstrate a varied appearance, with blunting of the costophrenic angle, a concave meniscus, disappearance of the diaphragmatic shadow, an apical cap, 
or fluid in the intralobar fissure. An upright chest film can demonstrate blunting of the costophrenic angle with as little as 175 mL of fluid. 18 A lateral chest x-ray can 
detect as little as 100 mL of fluid, and decubitus films can demonstrate free from loculated fluid collection. Decubitus films can also assist in diagnosis of some 
pulmonic effusions. Subpulmonic effusions are suggested when there is increased space between the inferior surface of the left lower lobe and the gastric air bubble 
on an upright chest film.19

Pulmonic effusion can sometimes be confused with atelectasis. Pulmonic effusion can cause mediastinal shift to the contralateral side, while atelectasis produces a 
shift in the mediastinum toward the same side. When the mediastinum is fixed in the case of a mesothelium or a patient with significant mediastinal adenopathy, this 
radiologic finding may not be helpful.

Computerized tomography (CT) can help distinguish between effusion, atelectasis, or pleural-based tumor. The Housefield units may distinguish between pleural 
effusions which have a density of 20 units compared with tumors or solid lesions which have higher Housefield units. 20 The Housefield units cannot differentiate 
between different causes of the pleural fluid. CT can distinguish or actively define loculated fluid collections and assess mediastinal adenopathy, which is important in 
determining treatment.



Characteristics of Malignant Pleural Effusion

A typical malignant pleural effusion is grossly bloody and exudative in nature. However, only 30% to 60% of bloody effusions are malignant. 21 Other possible 
diagnoses include infection (tuberculosis) and pulmonary infarction. The effusions are bloody because of tumor involvement of blood vessels, tumor occlusion of 
systemic or pulmonary veins, or parietal pleural capillary dilation secondary to the release of vasoactive substances from the primary tumor.

The effusion usually has a leukocyte count of 1,000 to 10,000. The cells are usually lymphocytes. 22 If neutrophils are the dominant cells, the pleural effusion is most 
likely inflammatory.

Eight-five percent of malignant effusions are exudates. Exudates characteristically have a pleural-to-serum-protein ratio greater than 0.5, pleural lactic dehydrogenase 
(LDH)-to-serum LDH ratio greater than 0.6, and a pleural fluid LDH level of greater than 200 international units. 23,24 Exudative effusions can also have a low pH (less 
than 7.30) and a pleural glucose serum glucose ratio less than 0.5. Patients who are found to have a malignant effusion with a pH of less than 7.3 and a low 
pleural-to-serum-glucose ratio (less than 0.5) usually have a shortened survival and do not respond well to therapeutic intervention for the malignant effusion. 25

Adenocarcinoma of the lung or ovary may have an elevated amylase detected in the pleural fluid. 26 If the malignant pleural effusion is a transudate, it is usually early 
in the course of the malignant process. The transudates are usually related to mediastinal lymphatic involvement with impaired lymphatic drainage.

If thoracic duct flow is decreased either due to direct tumor invasion, obstruction, or from tumor emboli, chylothorax can occur. The malignancies most frequently 
associated with a chylothorax include lymphoma, lymphosarcoma, and bronchogenic carcinoma.

The pleural fluid has a characteristic milky appearance. The chylothorax has specific gravity between 1.012 and 1.025, lymphocytes of 400 to 7,000 per mL, fat of 4 to 
5 grams per dL, cholesterol/triglyceride ratio of less than 1, a total protein of 2 to 6 grams per dL, albumin of 1 to 4 grams per dL, glucose of 50 to 100 mg per dL, and 
electrolytes identical to that in serum.

Cytology

The most straightforward way of making a diagnosis of a malignant pleural effusion is with thoracentesis. The procedure is usually done at the bedside after placing 
1% lidocaine in the skin and intercostal space through which the thoracentesis will be performed. If the effusion is loculated or the patient has had a previous 
thoracotomy requiring precise localization of the fluid, the thoracentesis may be performed under CT scan or echographic direction. The patient's prothrombin, 
coagulation studies, and platelet count should be normal prior to doing thoracentesis.

A minimal sample of 250 mL should be removed and sent to the laboratory for examination. The samples may be cytocentrifuged and air dried or prepared as wet 
mounts with toluidine blue or 95% alcohol. Any cell blocks should undergo paraffin imbedding and sectioning. Malignant cells are recognized by clusters or single 
malignant cells. These cells will characteristically be pleomorphic, large, have a prominent nucleus with large nucleolus, and have a high nuclear-to-cytoplasmic 
ratio.27 Adenocarcinoma of the lung is most commonly responsible for a positive malignant pleural effusion. 13,28

The thoracentesis fluid may also be subjected to immunochemical testing using monoclonal antibodies, polyclonal antisera to epithelial membrane antigen, 
carcinoembryonic antigen (CEA), and IGG 1 antibody B72–3. There is a positive reaction to the CEA antisera in 50% and to the polyclonal antisera in 54% of 
malignant effusions.29 Adenocarcinoma of the lung, breast, and ovary have a positive reaction to the IGG 1 antibody B72–3 in 100% of malignant effusions. 30,31 Other 
monoclonal antibodies that demonstrate a positive reaction with malignant cells include HMFG-2, AUA-1, Mbr, and Mov 2.

The laboratory is able to establish a diagnosis from 50% of patients with malignant effusion on initial thoracentesis. With a second thoracentesis, diagnosis is 
obtained in up to 65% of patients, and with a third thoracentesis, diagnosis is made in slightly more than 70% of patients. 32,33 Thoracentesis carries a 3% 
false-positive diagnosis rate. A pleural biopsy in conjunction with thoracentesis can raise the expected diagnosis of malignant pleural effusion to 80%. By itself, a 
pleural biopsy has only a 45% successful diagnosis which may be explained by localized pleural involvement with the malignant process. 34

When thoracentesis or closed pleural biopsy have not established a diagnosis, thoracoscopy is the next diagnostic alternative. Thoracoscopy allows the direct biopsy 
of involved areas of the pleura or lung and is nearly 100% sensitive. This procedure requires that the patient have a good performance status, as a general anesthetic 
is usually administered. Video-assisted thoracoscopy (VATS) will be necessary in only 15% to 20% of patients for diagnosis. 35,36 Thoracoscopy may also allow 
insertion of a chest tube and sclerosis at the conclusion of the procedure. Localized pleurectomy may also be done at the time of diagnosis. Thoracoscopy is not 
indicated in patients who have had previous thoracic operations or previous chest radiation or may have loculated fluid collection due to previous thoracentesis or 
pleural biopsy. These patients may require an open biopsy for diagnosis.

Evaluation of tumor markers in the pleural fluid may became another adjunct to diagnosing malignant pleural effusion. Pleural fluid levels of CEA, creatinine kinase 
BB, galactosyl transferase, and adenosine deaminase21,37,38 have been investigated in the pleural fluid. Markers have been neither sensitive or specific enough to 
establish a diagnosis. 39,40 When thoracentesis is not able to establish a diagnosis, cytogenic testing and chromosome analysis may be useful. Pleural effusion 
diagnosis using cytogenics has been reported in the range of 65% to 90%. 41,42 and 43 These changes have been most frequently abnormal in patients with lymphoma or 
leukemia.

TREATMENT

Approach

If pleural effusion is noted in a patient with a non–small cell lung cancer, the prognosis is poor. A complete diagnostic evaluation will usually demonstrate that the 
patient has advanced stage III B to stage IV lung carcinoma. All patients should undergo diagnostic evaluation, as the pleural effusions may be the result of lung 
atelectasis, congestive heart failure, cirrhosis, hypoalbuminemia, or pulmonary embolus. If even one of these etiologies is present, only 5.5% of patients with lung 
malignancy and negative pleural effusion are candidates for surgical resection. 44

Malignant pleural effusion related to lymphoma, small cell carcinoma, or breast carcinoma and treated with systemic therapy may result in resolution of the effusion. 45 
If the patient should be symptomatic with one of these diseases that are amenable to systemic therapy, thoracentesis can be performed for relief of symptoms while 
awaiting the effect of the systemic therapy.

Asymptomatic patients with a malignant effusion (25% to 30% of the patient population) do not need immediate treatment. Seventy-five percent of patients who will be 
symptomatic need treatment. The treatment must be effective in a short period, not lead to other complications, and have a low recurrence rate, as patients with 
malignant pleural effusions secondary to lung cancer have an average survival of only 2.2 months. 16 Since the patient's expected overall survival time is low, 
minimizing hospitalization or avoiding it by keeping the patient mobile and causing minimal distress are important factors when determining treatment.

Thoracentesis

Thoracentesis, in addition to being diagnostic, can also provide the patient with significant therapeutic improvement. Usually no more than 1,000 mL is removed with 
thoracentesis. Reexpansion pulmonary edema may occur with removal of a greater volume. Thoracentesis may cause vaso vagal reaction from irritating the parietal 
pleura. The physician must have atropine and volume infusion available. 46,47

After thoracentesis, the effusion will usually recur in 4.2 days 48 and consequently this treatment option is recommended only if the patient has a very short expected 
life span or is waiting the effect of systemic therapy.

Repeated thoracentesis can result in loculated fluid accumulation, empyema, or pneumothorax. Chemical pleurodesis can be performed through thoracentesis needle 



but is less effective than pleurodesis via a tube thoracostomy, as there is residual pleural fluid and the lung is not completely reexpanded.

Tube Thoracostomy Alone

The placement of a 28–32 French chest tube will be effective in relieving respiratory symptoms. As with thoracentesis, no more than 1,000 mL should be drained 
initially and then the tube clamped to avoid pulmonary reexpansion edema. Recurrence rates of 60% to 100% have been reported with tube thoracostomy alone. 49,50

Tube Thoracostomy and Pleurodesis

Tube thoracostomy with subsequent pleurodesis is the most successful strategy to prevent the recurrence of malignant effusion. The chest tube, a 28–32 French, is 
inserted through the fifth intercostal space anterior axillary line and directed posteriorly and toward the diaphragm. If the pleural effusion is large, 1,000 mL of fluid is 
removed and then 500 mL amounts every four hours to prevent reexpansion pulmonary edema. The chest tube is placed to water seal and 20 cm of water suction. 
This allows for the lung to reexpand completely and the visceral and parietal pleura to come into contact. If the pleura are apposed, adhesion formation can begin.

For the pleurodesis to be successful, the lung needs to be completely reexpanded with visceral and parietal pleural in contact. There should be no loculated fluid 
collection in the pleural space which would prevent the sclerosing agent from bathing the pleural space. The sclerosing agent is introduced when there is less than 
150 mL of drainage for 24 hours.22 In addition, the chest x-ray must show absence of the pleural effusion and reexpansion of the lung. In addition to the mechanical 
pleuritis induced by reexpansion of the lung and the chest tube irritating the pleura, pleurodesis is thought to be successful because of cytoreduction and chemical 
pleuritis from the sclerosing agent.

When the drainage has met criteria, the sclerosing agent is delivered after premedicating the patient with a narcotic analgesic; 20 mL of 1% lidocaine should be 
added to the sclerosant for local anesthetic effect. The sclerosing agent is usually instilled in 50 mL of 0.9% normal saline. After instilling the sclerosing agent, the 
chest tube is clamped and the patient is rotated in the supine position, prone, left and right decubitis positions every fifteen minutes to improve distribution of the 
sclerosing agent. A publication studying the movement of radiolabeled tetracycline demonstrated that the rotation of the patient did not influence distribution of the 
sclerosing agent. 51 After the chest tube has been clamped for four hours, the clamp on the chest tube is removed. It is important to leave the chest tube in place for 
several days after instilling sclerosing agent to further adhesion formation. Usually the chest tube is discontinued when there is less than 150 cc of drainage for 24 
hours.52

Recently a small pigtail catheter (up to 24 French) has been inserted under CT or echo guidance. 53,54 and 55 The catheters have been placed to a drainage bag and the 
patient's pleural effusion has been drained on an outpatient basis. Prior to removing the pigtail catheter, the sclerosing agent has been inserted. This approach allows 
the patient to be managed on an outpatient basis with a smaller tube which is more comfortable. In a preliminary trial from Duke University Medical Center, 19 
consecutive patients with symptomatic malignant pleural effusions were enrolled. A fluoroscopically placed 10.3 French catheter was connected to a closed gravity 
drainage bag system. Sclerotherapy was performed when daily drainage was less than 100 mL. The tubes remained in place for two to 11 days (mean, 5.1 days). At 
30 days, 10 (53%) patients had a complete response, five (26%) had a partial response, and four (21%) had progressive disease. Problems with this approach have 
included pneumothoraces requiring regular-sized chest tube insertion, inadequate drainage, and inability to use talc, which is the most effective sclerosing agent, 
through the small-bore catheter. When the chest tube has been discontinued, a suture is usually placed in the wound to prevent drainage of pleural contents through 
the chest tube site.

A unique but small, prospective, randomized study has compared pleurodesis using a small percutaneous catheter (10 French) inserted at bedside in patients with 
recurrent malignant pleural effusion with a conventional large-bore chest tube (24 French) placed in connection with diagnostic thoracoscopy. After drainage, 
pleurodesis was performed, with tetracycline as sclerosing agent. Of 18 evaluable consecutive patients (mean age 67.8 years), nine were randomized for pleurodesis 
with the small, and nine with the large catheter. The authors concluded that pleurodesis in patients with recurrent malignant pleural effusion using a small 
percutaneous catheter had similar efficacy to that obtained with a large-bore chest tube and with less discomfort for the patient. Trials with larger numbers of patients 
will certainly be necessary to evaluate whether small-bore catheters are as effective and cheaper for the patient during his or her care than the more standard 
techniques of drainage and sclerosis. 56

Talc Pleurodesis

A highly effective treatment for recurrent malignant pleural effusions is thoracoscopic talc poudrage. Using either local anesthetic technique with intravenous sedation 
in a nonintubated patient or general anesthesia with a double lumen endotracheal tube, the 5 gm of talc is instilled over the entire pleural space and lung surface, 
usually with a simple bulb aspirating syringe. The response rate to thoracoscopic talc insertion is 90% to 96%. 35,57,58 and 59 Since this technique has such a high 
success rate, some physicians recommend it as an initial treatment.

A talc slurry of 5 grams in 250 mL of saline with lidocaine added has been successful in 93% of patients. 60 Complications including pneumonitis and respiratory 
distress syndrome have been reported.59,60,61,62,63 and 64

Other Sclerosing Agents

Many agents besides talc have been used as sclerosing agents. Successful response is defined as no reaccumulation on chest x-ray for at least one month after the 
removal of the chest tube and no need for additional thoracentesis. One of the initial agents, nitrogen mustard, was administered at a dose of 0.4 mg per kg. The 
response rate was 52% with this agent. 2 The side effects included pain, fever, nausea, vomiting, and bone marrow depression. 65

Tetracycline had been the agent of choice until 1991 when it was withdrawn from the market as it did not meet the U.S. Food and Drug Administration purity 
standards. Tetracycline was instilled in a dose of 500 to 1,000 mg, usually diluted in 50 mL of NaCl 0.9% solution with 20 mL of 1% lidocaine. Significant 
complications included pain in 20% to 70% and fever in up to 33% of the patients. 66,67,68,69,70,71 and 72 Since tetracycline has been withdrawn, doxycycline has been used 
as a replacement agent in doses of 500 to 1,000 mg. When doxycycline has been instilled, there is a 90% success rate. Doxycycline is a relatively inexpensive 
sclerosing agent. 73,74,75 and 76

Bleomycin 60 units dissolved in 100 mL of normal saline has given a response rate of 84%. 2,77,78 Bleomycin was responsible for two deaths and has not been used 
extensively since it is an expensive sclerosing agent.

Quinacrine has had multiple toxicities including hallucinations, hypotension, and fever. 79 Pain is not a complication with this drug. The usual dose was 800 mg, and 
instillation through thoracostomy tube gave a 70% to 90% response rate. 80,81

Other agents include Corynebacterium parvum, which elicits an inflammatory response when used as a sclerosing agent. Four mg of C. parvum has been used after 
thoracentesis, as the agent usually requires multiple injections, with 30% of patients needing two injections, 60% three injections, and 10% four injections. 82,83,84,85 and 
86

Other agents that have been used for pleurodesis include methylprednisolone, doxorubicin, 87,88 cisplatin, cytarabine,89 etoposide,90 mitomycin-C,91 radioisotopes 
including gold and phosphorus, 49 interferon,92,93 and 94 and interleukin-2. 95,96 and 97

Randomized Trials Comparing the Most Frequently Used Agents

There are few randomized trials comparing treatment for pleural malignancies for a number of reasons. Because life expectancy is limited, a large number of patients 
must be entered into a trial to have statistically meaningful numbers to analyze response rates. Pleurodesis is seldom an isolated variable, because many patients are 
simultaneously undergoing chemotherapy or radiotherapy. Moreover, there is no standard method of measuring response, and interpretation of radiologic response 
may be hindered by underlying lung disease. Because the goal of pleurodesis is palliation, quality-of-life issues, cost, and toxicity must be uniformly assessed.



A review of randomized trials reveals that most consist of small numbers of patients, dosages and administration vary, long-term follow-up is often lacking, and there 
is no central review of radiologic response. These trials are summarized in Table 59.1.

TABLE 59.1. RANDOMIZED TRIALS COMPARING SCLEROSING AGENTS

In the trial by Bayly and colleagues comparing tetracycline (500 mg) to quinacrine (100 mg initially, followed by four daily doses of 200 mg), the agents were equally 
effective in controlling the pleural effusions (complete response equaled 66%). 98 However, the toxicity of quinacrine was higher.

Gupta and colleagues99 and Kessinger and Wigton 100 reported that there was no difference between patient responses to bleomycin or tetracycline. Small numbers of 
patients were evaluable in these studies. However, in the multiinstitutional trial reported by Ruckdeschel and colleagues, 72 30-day recurrences were significantly less 
for bleomycin versus tetracycline (36% versus 67%; p = 0.023) and remained less at 90 days (30% versus 53%; p = 0.047). The median time to recurrence was 
significantly longer for the bleomycin group than for tetracycline. The toxicities were low and equal between the two agents. Lung cancer accounted for 34% of the 
effusions in each group.

The trials reported by Fentiman and associates 101 and Hamed and colleagues102 are instructive but included only patients with pleural effusions secondary to breast 
cancer. Leahy and colleagues 83 randomized patients to tetracycline (500 mg) versus C. parvum (7 mg) and found no significant difference between prevention of 
recurrence at one month. However, pain and pyrexia were significantly greater in patients receiving C. parvum.

Hartman and colleagues103 reported a prospective phase II study that evaluated 39 patients undergoing talc insufflation under thoracoscopic guidance, as compared 
to patients enrolled in a multicenter study evaluating tube drainage followed by administration of either tetracycline (41 patients) or bleomycin (44 patients). Mean time 
of chest tube drainage was significantly less for the talc group than for patients randomized to bleomycin or tetracycline. Thirty-day success rates were 97% for the 
talc, 64% for bleomycin, and 32% for tetracycline. The 90-day success rates were 95% for talc, 70% for bleomycin, and 47% for tetracycline.

One of the more recent randomized trials compared the efficacy of bleomycin with doxycycline sclerotherapy using small-bore catheters. In this study, a 14 F 
self-retaining catheter was inserted into the pleural space and connected to continuous wall suction. When drainage fell below 200 mL per day, patients were 
randomized to 60 U of bleomycin or 500 mg of doxycycline sclerotherapy. Response at 30 days was determined. Of 106 patients enrolled in the study, 15 men (29%) 
and 37 women (71%) with a mean age of 57 years received bleomycin sclerotherapy; 21 of the 29 patients (72%) alive and evaluable at 30 days had successful 
sclerotherapy. Twenty-three men (43%) and 31 women (57%) with a mean age of 61 years received doxycycline sclerotherapy. Twenty-three of the 29 patients (79%) 
alive and evaluable at 30 days had successful sclerotherapy. There was no significant difference in response rates between doxycycline and bleomycin (p = 0.760).

Other Treatment Modalities

Biologic Response Modifiers

Use of standard treatment for malignant pleural effusions is occasionally not successful, necessiatating novel approaches. Other avenues have been tried, such as 
intrapleural installation of recombinant interleukin-2 (rIL-2). A response has been recorded in 22% to 50% of the patients. 95,97 Installation of beta-interferon was 
responsible for a 28% complete response rate in patients with non–small cell malignant effusion. 104 OK-432,91,105 which is prepared from a substrain of Streptococcus 
pyrogenes A3, and LC 9018, prepared from the Lactobacillus casei YIT9018,106 have been able to effect complete responses in up to 70% of patients with protocols 
requiring more than one injection spaced over several weeks.

Management of the Recurrent or Refractory Malignant Pleural Effusion

When faced with the failure to control a malignant pleural effusion or reaccumulation of fluid after initial success, the need for retreatment should first be reassessed. 
If life expectancy is short (i.e., a few weeks or less), thoracentesis alone may be appropriate. The clinician must also decide whether the patient's predominant 
symptoms relate to the presence of pleural fluid and therefore whether expectation of relief warrants reintervention.

Failure of pleurodesis may result from a lung encased in scar or tumor (i.e., trapped lung), loculation of the pleural space by fibrin or adhesions, loss of pulmonary 
elasticity, high liquid output, or extensive pleural metastases. If the lung is fully expandable, the clinician's first inclination is to repeat the pleurodesis with the same or 
a different agent. For patients with lungs that do not expand completely, pleural peritoneal shunting or thoracoscopy could be considered.

Pleural Peritoneal Shunting

The first option to consider for patients with recurrent or newly diagnosed pleural effusions with lung nonexpansion is pleuroperitoneal shunting. 107,108,109 and 110 The 
shunt can be placed under general or local anesthetic. It is a unidirectional pumping chamber with connected arms, usually inserted with the pleural arm being in the 
most inferior aspect of the pleural space. The pumping chamber is placed over a rib or costal margin, and then the peritoneal arm placed through a pursestring suture 
through a muscle-splitting incision in the abdomen. The Denver or pleuroperitoneal shunt requires a cooperative patient to press the pump consecutively for 10 
minutes on four to six occasions during the day. Each compression will propel 1.5 mL of fluid. A cooperative patient is required for its successful use.

There are a number of studies which document the utility of pleuroperitoneal shunting in recurrent effusions. 111,112 and 113 Tsang and colleagues114 achieved good 
palliation without recurrence of symptoms in 15 of 16 patients. Mean duration of shunt function was 8.6 months. Ponn and colleagues 115 achieved similar results in a 
group of patients who did not benefit from chemical pleurodesis or who had a trapped lung. This group constituted 4% of patients undergoing treatment for pleural 
effusion.

Contraindications for placing the Denver pleuroperitoneal shunt include lack of patient cooperation, loculated pleural effusion, peritoneal space which is not free 
secondary to previous surgery, peritoneal dialysis, pleural infection, or a short life expectancy for the patient. The shunt can become occluded in 10% to 15% of 
patients with fibrinous material. Shunt occlusion requires revision, usually in the form of total replacement. 116

Thoracoscopy

When pleurodesis has not been successful or a malignant effusion recurs, thoracoscopy under local or general anesthesia can be used to install talc under direct 
vision, but only after there is release of a trapped lung from adhesions, or loculated pockets have been obliterated which caused the pleurodesis failure. Since the 
procedure usually requires general anesthesia, the patient will need to have a high performance status and an acceptable expected long-term survival. 117



Pleurectomy

Stripping of the parietal pleura has close to a 100% success rate in obliterating malignant effusions. This is a procedure which requires general anesthetic, and 
consequently the patients must have a high performance status and good prognosis. Few patients with malignant pleural effusion will have a survival rate which rate 
justifies the 30-day mortality of over 10% and a significant morbidity. 17,48

Malignant Effusion Discovered at Thoracotomy

When new effusions are recognized at thoracotomy, chest tube placement effectively obliterates the pleural space. Thoracic surgeons have performed localized 
pleural resection to aid in the obliteration of the pleural space. A study of the infusion of hyperthermic cisplatinum in this setting with an extra corporeal circuit has 
100% control of malignant pleural effusions, with patients having a mean survival time of 20 months. 118

SUMMARY

Treatment of patients with malignant pleural effusions depends on the etiology of the malignancy and the patient's expected survival. Patients with non–small cell lung 
cancer have an expected survival of only several months, whereas patients with breast cancer have a much longer survival.

The first step is to perform a thoracentesis to establish the diagnosis, if not already known. In patients with short expected survival, thoracentesis alone can provide 
significant relief. In patients with a better prognosis, drainage of the pleural space with a CT-guided drainage catheter or a standard chest tube is the preferred 
treatment. After the chest tube drainage is less than 150 mL per day and the lung is in contact with the pleural surface, a sclerosing agent, most often talc 5 grams, 
can be instilled through a chest tube or drainage catheter. It can be repeated on several occasions if necessary.

If chest tube drainage and pleurodesis are not successful, other treatment options are available. Thoracoscopy can be used to free a trapped lung and break up 
loculated effusions prior to installation of talc. This treatment modality would require the patient to have an expected lengthy survival. If thoracoscopy is not an option, 
a pleuroperitoneal shunt can be considered, although our experience has been that these often become occluded.

Under special circumstances pleurectomy can be considered to obliterate the pleural space.

In patients with breast cancer or lymphoma, treatment of the malignancy with chemotherapy and radiation itself may result in resolution of the malignant effusion.

The treatment protocols outlined above are dedicated to improving the patient's symptoms and making them comfortable. The length of the treatment and the time the 
patient is in the hospital for that treatment figure prominently in the prescribed therapy. For this reason the experience of the clinician is important.

Future trials using small-bore catheters for treatment of malignant effusions, new biological modifiers, and new sclerosing agents may well affect the treatment of 
malignant effusions. The clinician must keep up to date with these trials and advances in the therapeutic management of the malignant pleural effusion.
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Pericardial effusion is the most common manifestation of malignant pericardial involvement. In a series of 3,327 autopsies for cancer-related deaths, cardiac-related 
malignancy was detected in 5.1%.1 Of these, the pericardium alone was involved in 45% of cases, the myocardium in 32%, and both in 22%. 2,3 and 4 Primary 
malignancies with a propensity for cardiac involvement, in decreasing order of frequency, include lung, breast, lymphoma (including Hodgkin's), leukemia, melanoma, 
gastrointestinal malignancies, and sarcomas. Malignant pericardial effusion (MPE) presents a clinical spectrum that ranges from totally asymptomatic to acute cardiac 
tamponade. Fortunately, clinically significant MPE is uncommon. Neoplastic cardiac tamponade is a clinical oncologic emergency, which may appear suddenly and 
precipitate death in a patient who would otherwise have a good short-term life expectancy. Patients presenting with cardiac tamponade usually have a known 
pulmonary primary.5,6 and 7

PATHOGENESIS

The pericardium is a strong, inelastic sac composed of two layers surrounding the heart. The outer fibrous parietal pericardium is commonly referred to as the 
pericardium. The thin, inner, serosal layer is the visceral pericardium, also known as the epicardium. These two layers form a thin, lubricated space which usually 
contains between 15 and 50 mL of fluid. Pericardial fluid is a clear ultrafiltrate of blood with a protein concentration one third that of plasma. Microscopically the 
pericardium has microvilli that decrease friction and increase the surface area of reabsorption. A fundamental knowledge of the lymphatic drainage patterns of the 
heart and pericardium is important in understanding the pathogenesis of MPE ( Figure 60.1). The parietal lymphatics drain preferentially to the anterior and posterior 
mediastinal nodes, while the visceral lymphatics drain to the tracheal and bronchial mediastinal lymph nodes. 8 The pericardium itself is deficient in lymphatics, so 
most of the drainage occurs through the cardiac lymphatics. Flow begins in the extensive subendocardial plexus, which drains through an interconnecting system of 
myocardial channels into a subepicardial plexus. Efferent branches of the subepicardial plexus give rise to the cardiac lymphatic trunk, which runs with the coronary 
arteries to the root of the aorta. The cardiac lymphatic trunk then travels between the innominate artery and the superior vena cava directly to the cardiac node. The 
cardiac node then drains into the mediastinal nodes. 5 Tamura and colleagues reviewed 74 autopsies of primary lung cancer patients. 9 Metastases to the heart, or 
pericardium, were documented in 23 cases. MPE was present in 15 of the 23 cases. The metastatic pathway was lymphatic in 14 of 15 cases, utilizing hilar lymphatics 
in 10, and mediastinal lymphatics in four. Early development of MPE in lung cancer is primarily by hilar lymphatic spread. 9

FIGURE 60.1. Lymphatic drainage of the heart and pericardium.

Venous and lymphatic drainage obstructed by neoplastic invasion leads to a disruption in the usual osmotic and hydrostatic forces, causing an accumulation of 
pericardial fluid. If the fluid accumulation is slow, the pericardial volume can expand to remarkable amounts (up to 3 to 4 L) and be clinically silent. The onset of 
tamponade can be rapid if the pericardium is fibrosed or thickened from previous radiation or inflammation or the fluid accumulation is rapid.

CLINICAL PRESENTATION

The clinical presentation of MPE varies dramatically from a complete lack of symptoms to acute cardiogenic shock. Fluid accumulation from lymphatic obstruction with 
a noncompliant pericardium results in acute restriction of atrial and ventricular filling, an increase in systemic venous pressure, and then an acute decrease in cardiac 
output. Since decreased cardiac filling decreases stroke volume, the initial cardiovascular response is increased sympathetic tone with compensatory vasoconstriction 
and tachycardia. Patients presenting with acute cardiac tamponade are typically in extremis with marked agitation or confusion, tachycardia, and tachypnea. In this 
setting, the classic clinical syndrome of Beck's triad can be seen with elevation of systemic venous pressures, systemic arterial hypotension, and a small quiet heart. 
When tamponade develops slowly, symptoms resemble heart failure, with orthopnea, tachycardia, and hepatic engorgement. The main complaint is usually dyspnea 
on exertion, accompanied by anorexia, lethargy, edema, or weight loss. In these patients there is almost always jugular venous distention and a parodoxical pulse. 
Table 60.1 describes the relative frequency of symptoms, signs, and laboratory findings in MPE. 10



TABLE 60.1. RELATIVE FREQUENCY OF SYMPTOMS, SIGNS, AND LABORATORY FINDINGS IN MALIGNANT PERICARDIAL EFFUSION

DIAGNOSTIC EVALUATION

Physical Examination

Acute cardiac tamponade associated with MPE often requires immediate diagnosis and treatment. Pulsus paradoxus, an important finding in cardiac tamponade, was 
first described as the disappearance of the radial pulse despite a palpable heartbeat. Pulsus is not really parodoxical, but an exaggeration of the normal inspiratory 
drop in systolic pressure. It can be measured with a sphygmomanometer by inflating the cuff above the arterial pressure and very slowly deflating the cuff until the first 
Korotokoff sound is heard. At this point, the Korotokoff sound will disappear with inspiration. With further slow deflation of the cuff, a continuous pulsation will be 
heard. The difference in the systolic pressure of these two points is the amount of pulsus. A greater than 10 mm Hg fall in the systolic pressure with inspiration 
signifies a pulsus parodoxus.10 In tachypneic patients, pulsus may be difficult to measure, but with invasive arterial monitoring, the inspiratory blood pressure drop can 
be visualized graphically. Upon palpation of the precordium the cardiac impulse is diminished or absent. Percussion of the anterior thorax may reveal dullness in the 
left lung base secondary to compression from a large effusion, called Ewert's sign. On auscultation, heart sounds may be distant and weak, with tachycardia or 
supraventricular arrhythmias. Surprising, only occasionally will a pericardial rub or splash be heard.

Radiographs

Chest radiographs show nonspecific but often supportive evidence for the diagnosis of MPE. Enlargement of the cardiac silhouette on chest radiograph does not 
occur until approximately 250 cc of fluid is present in the pericardial space. The classic “water bottle” cardiac silhouette may be seen on PA chest x-ray with 
long-standing MPE. In one third of cases a coexisting pleural effusion is seen. Press and Livingston showed that 90% of patients had abnormal radiographs and about 
45% had signs of pericardial disease. 11 Unfortunately, an enlarged cardiac silhouette is suggestive, but not specific for pericardial fluid, and other conditions, 
especially congestive heart failure, have a similar appearance. 12 Computed tomography (CT) defines the size of the effusion, location of intracardiac or extracardiac 
masses, and often the origin of the primary cancer (usually of pulmonary origin). Johnson and colleagues have proposed several CT criteria for the diagnosis of MPE: 
(a) pericardial effusion of high CT density, (b) localized or irregular pericardial thickening, (c) masses arising from or continuous with the pericardium, and (d) 
obliteration of normal tissue planes between a paracardiac mass and the heart or pericardium. 13 Once the diagnosis of MPE is established, CT or echocardiography 
can be used to guide insertion of drainage catheters for diagnosis or treatment.

Electrocardiograms

About 90% of patients with symptomatic MPE have abnormal EKG findings, including nonspecific ST segment changes (63%), low voltage (59%), sinus tachycardia 
(25%), atrial flutter or fibrillation (21%), premature ventricular beats, and heart block. 11 With large effusions, the heart may develop a swinging motion within the 
pericardial sac, which is thought to cause electrical alternans seen in 5% of patients. Usually electrical alternans involve only the QRS complex in a two-to-one or 
three-to-one pattern, but when the P, QRS, and T wave are all involved, it is pathognomonic for a severe tamponade. 14,15 and 16

Echocardiography

Echocardiography is the most specific and sensitive noninvasive test for the evaluation of MPE. Transthoracic echocardiography is initially used to evaluate the 
anatomy and physiologic consequences of the pericardial fluid. Transesophageal and Doppler ultrasonography are complementary in patients who do not manifest 
characteristic transthoracic echocardiographic findings. 17 By using parasternal, subxiphoid, and transesophageal views, the entire pericardium can be inspected. 
Echocardiographic changes are best seen in the posterior cardiac wall, where normally a single echo is seen moving synchronously with the heartbeat. When a 
pericardial effusion is present separating the pericardium and epicardium, two distinct echoes are seen: one from the pericardium and one from the epicardium. 18 The 
quality of the pericardial fluid (homogenous versus heterogeneous), pericardial masses, or loculations, right and left ventricular function, and right and left ventricular 
diastolic collapse are imaged by echocardiography. Equalization of diastolic pressures across all cardiac chambers is the hallmark of symptomatic cardiac 
tamponade. Diastolic collapse of the right ventricle and atrium has been proposed as an echocardiographic indicator of cardiac tamponade. 19 Patients with this finding 
should undergo immediate drainage of the pericardium. If the echo is indeterminate, CT and MRI may be helpful, especially with loculated effusions, pericardial 
thickening, calcifications, blood, fat, or chyle.

TREATMENT

Management decisions in the treatment of MPE should include consideration of age, symptoms, general condition, origin, and prognosis of the tumor ( Figure 60.2). 
The risks versus benefits of intervention for MPE may not be favorable in patients with end-stage metastatic cancer. The median survival for all malignant pericardial 
effusions is two to four months, with a 25% one-year survival. 20 In patients with known metastatic cancer, MPE and tamponade should always be considered when 
signs and symptoms of hemodynamic compromise present. Acute pericardial tamponade with cyanosis, dyspnea, impaired consciousness, shock, pulsus paradoxus 
greater than 50% of pulse pressure, or a decrease of more than 20 mm Hg in pulse pressure are indications for emergent drainage. If the patient is hemodynamically 
stable then a more definite procedure can be performed, including percutaneous insertion of a pericardial drain by Seldinger technique under radiographic guidance, 
open pericardiostomy by the subxiphoid approach, video-assisted thoracoscopic surgery (VATS), or limited anterior thoracotomy (see Table 60.2).21,22,23,24,25,26,27,28 and 
29 In a review of different malignant pericardial effusion treatments, no modality was clearly superior to another ( Figure 60.3).

FIGURE 60.2. Algorithm for the diagnosis and treatment of malignant pericardial effusion.



TABLE 60.2. COMPARISON OF PERICARDIAL PROCEDURES

FIGURE 60.3. Success rates for treatment of malignant pericardial effusion.

Needle- or catheter-based procedures are best image-directed by transthoracic or transesophageal echocardiography or by computed tomography. In all instances 
the basic technique is the same and has been well described. 23,27,29,30 Imaging by any of the mentioned modalities is used to identify the largest collection of 
pericardial fluid in close proximity to the skin, to identify the safest needle entry site. After local infiltration with 1% lidocaine, a sheathed needle (16 to 18 gauge) is 
used for the initial pericardial entry. Upon aspirating pericardial fluid, the needle is removed, leaving only the sheath in the pericardial space. A small amount of saline 
can be used for echocardiographic confirmation of the sheath position. If prolonged drainage is desired, a guide wire is introduced through the sheath, the sheath 
withdrawn, and a dilator (6–7 F) advanced over the guide wire. A multisidehole pigtail angiographic catheter (6–7 F) is placed in the pericardial space. The catheter 
typically remains in place until the fluid return is less than 50 cc every 24 hours and follow-up imaging shows insignificant residual effusion.

General endotracheal anesthesia in the setting of acute tamponade increases the risk of any intervention and should be avoided if possible. Patients in cardiac 
tamponade have markedly increased endogenous catecholamines for circulatory support. Induction of anesthesia inhibits these compensatory autonomic responses 
and may lead to circulatory collapse before drainage can be effected. Positive pressure ventilation can further impede venous return in these compromised patients. 
Inotropes and intravenous fluids to improve contractility and maintain preload to the heart may be temporarily necessary to allow the induction of anesthesia. Because 
of the risk of anesthesia, percutaneous drainage of MPE using local anesthesia only has become the procedure of choice.

Pericardiocentesis

Controversy exists regarding the roles of pericardiocentesis, pigtail catheter drainage, and pericardiotomy. Pericardiocentesis is both a diagnostic and therapeutic tool 
in the management of MPE. In the setting of acute hemodynamic compromise, the procedure of choice is urgent pericardiocentesis (see Figure 60.4). An 18-gauge 
spinal needle with an ECG lead is inserted into the pericardial sac by aiming the needle toward the patient's left shoulder at a 45 degree angle, while constantly 
maintaining negative pressure. If an ECG injury pattern or arrhythmia is seen, the needle is repositioned. Occasionally the pressure is so great that the plunger is 
pushed out. Two thirds of these patients will develop recurrence and require repeat drainage. 26

FIGURE 60.4. Pericardiocentesis.

The use of M-mode echocardiography to guide pericardiocentesis was first reported by Goldberg and Pollack in 1973 and quickly replaced ECG for directing needle 
placement.31 Two-dimensional echocardiography has currently replaced M-mode. The transducer is placed at the cardiac apex while pericardiocentesis is performed 
from the subcostal position. The interpericardial position of the needle is confirmed by the appearance of microbubbles in the pericardial sac. If the needle has 
penetrated the cardiac chamber then intracardiac bubbles may be seen. 30 Once the needle is in the pericardial space, the fluid can be evacuated and a guidewire 
inserted for pigtail catheter drainage. Wiener and colleagues reviewed 95 cases of pericardial effusion treated initially with pericardiocentesis. 32 Pericardial fluid 
collected from known cancer patients revealed neoplastic cells in 66% of these patients. When the pericardial fluid was correlated with the known primary, it was 
100% specific. Similar results by Press and Livingston confirm that cytology of pericardial fluid remains valuable in the diagnosis of MPE. 11 The fluid is generally 
hemorrhagic with a high LDH level. Pericardial fluid analysis includes cell count, glucose, protein, lactate dehydrogenase, bacterial culture, and cytology. 33

With drainage, the crisis of acute cardiac tamponade is averted. A single pericardiocentesis is unlikely to prevent recurrence of the tamponade unless the underlying 
malignancy is addressed. Recurrence rates as high as 90% within 90 days are reported. 7 MPE indicates advanced systemic disease; therefore a multidisciplinary 
approach with oncology, radiation therapy, and thoracic surgery is necessary for appropriate palliative management.

Complications of pericardiocentesis are uncommon but can be catastrophic. In a review of medical patients requiring pericardiocentesis, 40 of 46 (87%) experienced 
symptomatic relief after therapeutic pericardiocentesis, but 3 (7%) had major complications including right ventricular laceration, cardiac arrest with hypoxic brain 
damage, and emergency ventricular repair. 34 Other potential complications include laceration of the coronary arteries, internal mammary artery, or lung, contamination 
of the pericardial or pleural space, and injuries to intra-abdominal organs.

Open Pericardiotomy

Open pericardiotomy, or “pericardial window,” is usually performed in the operating room under general endotracheal anesthesia, although it can also be performed 
with local anesthesia. The procedure can be performed quickly (15 to 20 minutes), especially if hemodynamic compromise develops. The subxiphoid approach 
requires a midline incision from the xiphoid/sternal junction extending caudad 6 cm ( Figure 60.5). The xiphoid is resected and the linea alba is divided without entering 
the peritoneum or diaphragm. The sternum is firmly retracted anteriorly, and the fatty tissue overlying the pericardium is incised and retracted laterally to allow the 
pericardium to be identified. The pericardium is elevated and incised. One should be ready for a sudden gush of blood under pressure if any tamponade is present. 
An immediate improvement of pulse pressure should be noted. The serosanguinous pericardial fluid is then sent for a cell count, cytology, gram stain, and culture if 
the diagnosis is uncertain. The pericardium is then digitally explored, and loculations, nodules, and masses are noted. A generous anterior portion of the pericardium 
is excised and sent for pathology. One should strive to excise the largest extent of pericardium possible. Large drainage tubes are placed anteriorly and posteriorly, 
and placed to -20 cm H2O suction. The drains are removed when the drainage is less than 50 cc per day. Some evidence indicates that the pericardiotomy remains 



open long after the effusive process ends. Sugimoto and colleagues believe that obliteration of the space is the goal, and maintain drainage for as long as four 
weeks.35 These observations have prompted the use of sclerosing agents similar to those used to treat malignant pleural effusions.

FIGURE 60.5. Subxiphoid pericardiotomy.

VATS is a minimally invasive technique that provides excellent visualization of the pericardium ( Figure 60.6) and perhaps decreased morbidity when compared with a 
thoracotomy.40 VATS allows complete visualization of the hemithorax, during which the pericardium hemithorax can be inspected and drained. 36 One disadvantage is 
that VATS requires a double lumen endotracheal tube with lung collapse for visualization of the pericardium, therefore the subxiphiod approach is still preferred by 
most.

FIGURE 60.6. Video-assisted thoracoscopic surgery (VATS) pericardiotomy.

Pericardial Biopsy

Pericardial biopsy can be obtained by several approaches, including subxiphoid or subcostal pericardiostomy, limited anterior thoracotomy, or VATS. 20,37 A new 
technique of pericardioscopy with guided biopsies increased the diagnostic yield an additional 20% in patients with malignancy when cytology and conventional 
biopsy were negative.38

Pharmacologic Agents

The recurrence rate of catheter-drained pericardial effusions has been reported at 3% to 20%. If the effusion recurs, the pericardium is again drained, followed by 
sclerotherapy. We initially use bleomycin, 30 to 120 mg in 30 cc of 1% lidocaine for sclerotherapy. For refractory MPE we use sterile talc, 10 g in 50 cc of normal 
saline. Shepherd recommends the instillation of tetracycline for persistent effusions. 6 They report 74% success in control of effusions longer than 30 days with a 
median survival of 168 days. Recommended agents include oxytetracycline, OK-432, a penicillin-treated and heat-treated lyophilized powder of the substrain of 
Streptococcus pyogenes A3, cisplatin, bleomycin, vinblastine, interferon, and sterile talc. 39,40,41,42,43,44 and 45 Piehler and colleagues have reported that the amount of 
pericardium left in the patient is directly related to the rate of recurrence, postoperative pericardial constriction, and the need for repeated therapy. 46 Since most 
patients with MPE have an end-stage malignancy, long-term survival is rarely affected, emphasizing the desirability of a quick, less-invasive, and short-term effective 
treatment approach. Complications of sclerotherapy include transient atrial arrhythmia, pain after injection, and fever. When constrictive pericarditis or extensive 
involvement of tumor exists, pericardiectomy is a rare option. Although this is a highly morbid procedure, it has been reported in carefully considered circumstances. 47

Radiotherapy is generally reserved for pericardial effusions associated with lymphoma. The recommended dosage is 2 to 3 Gy, which is given over a two to three 
week course. Pericardial inflammation is a complication of radiotherapy. Stewart and colleagues describe giving 40 Gy for fractionated radiotherapy of the heart and 
adjacent structures.48 Acute pericarditis is a complication of radiation but is usually self-limited.

SUMMARY

The treatment of MPE should proceed in a stepwise fashion. We use CT- or echocardiography-guided percutaneous tube pericardiostomy to accomplish both 
diagnosis and therapy. Once the pericardium is drained, we use bleomycin or talc for sclerotherapy. If sclerotherapy fails, we proceed with subxiphoid pericardiotomy 
for evacuation of effusion, resection of pericardium, biopsy, and placement of drains. If the effusion recurs, this is again followed by sclerotherapy. Patients 
responding to treatment should have a mean life expectancy of nine to 13 months if tamponade does not recur. Even with cardiac tamponade, short-term palliation is 
possible.
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BACKGROUND INFORMATION/INTRODUCTION

Lung cancer, with more than 150,000 cases every year, represents a major oncologic challenge. 1 There are more than 120,000 deaths annually, and most therapeutic 
approaches result in a high incidence of local failure that frequently manifests as malignant airway occlusion. 2,3 According to one estimate, 20% to 30% of newly 
diagnosed malignant neoplasms will present with atelectasis and pneumonia due to endobronchial disease. 3 Death from airway occlusion is often a painful process of 
slow asphyxiation, frequently complicated by obstructive pneumonia and hemoptysis. The management of patients with malignant airway obstruction represents a 
therapeutic challenge for physicians engaged in their care. With either unresectable disease at presentation, recurrence after attempted curative resection, or 
metastatic disease, the surgical alternatives are limited, and chemotherapy is, for most patients, ineffective or response is brief.

The ability to manage acute airway obstruction can be lifesaving. Airway relief should be expeditious and immediate, with low morbidity and mortality. It should not 
interfere with future definitive therapy. In patients with terminal malignancy, it should be economical in costs and should minimize hospitalization.

Acute respiratory distress, stridor, and obstructive pneumonia may be the presenting signs of advanced airway neoplasms. 4 Reduction of the tracheal lumen by 80% 
(3 to 5 mm) may occur before symptoms become severe. However, inflammatory swelling or poststenotic retention of mucus or blood may lead to acute obstruction 
and severe hypoxia.5

Symptoms depend on location and extent of the tumor. Neoplasms of the trachea and carina may cause obstructive airway symptoms, as opposed to neoplasms of 
the distal airway, which are more likely to show initial symptoms of postobstructive pneumonia. Dyspnea may initially be present only with exertion, but may progress 
as the tumor enlarges to dyspnea at rest, stridor, and acute respiratory distress. In patients with pedunculated tumors, symptoms may vary with body position.

Management of patients with malignant airway obstruction depends on the urgency of presentation, etiology, localization, extent of obstruction, and prognosis of the 
disease. Complications from the obstruction, therapeutic measures available, and the experience of the physician influence the management of such patients. 5 Many 
methods of relieving airway obstruction are available. Palliation of symptoms and establishment of an airway in an expeditious manner are the goal. 4

When patients present with respiratory distress, efforts are aimed at relief of symptoms rather than extensive evaluation of the patient. Functional assessment of the 
patient and evaluation of the extent of disease can be performed after the airway obstruction has been relieved. For those patients who present in a less acute 
fashion, functional assessment of the patient and radiologic evaluation of the extent of disease are appropriate. Above all else, one should consider the possibility of 
curative resection even in patients with obstructing airway neoplasms. Bronchoplastic techniques are available to allow resection and reconstruction of the trachea, 
carina, main bronchi, and lobar orifices. 6 Opening an obstructed airway in patients who have acute respiratory distress with potentially resectable tumors will allow 
time for a thorough workup, correction of underlying medical problems, or tapering of steroid administration if the patients have been incorrectly treated for “asthma.” 4

RADIOLOGIC EVALUATION

If time permits, careful radiologic evaluation is a valuable asset to operative management. Frequently the site of tracheal obstruction may be seen on chest x-ray in 
two planes. Tomography of the trachea and carina provides information about the extent of involvement, configuration, axis of the airway, and patency of the distal 
airway.7 A lateral neck with oblique tracheal views along with AP views of the larynx and trachea may show stenoses, intraluminal densities, or luminal narrowing and 
displacement. Computerized tomography with axial 4 mm. sections may be used to assess intraluminal and extraluminal malignant tumors, including lymph node 
metastases. Magnetic resonance imaging with axial coronal and sagittal T1 and T2-CW images delineates tumors in the coronal, axial, and lateral projections; it is 
helpful in the evaluation of extraluminal tumor extension, vascular invasion, and lymph node metastases. 8,9,10

ANESTHESIA

When there is a significant degree of airway obstruction, it is desirable to induce anesthesia with a controlled inhalation technique, as described by Wilson. 11 Ethrane 
is our agent of choice. When adequate alveolar ventilation exists and there is no need for an extremely high (99%) inspired oxygen concentration, nitrous oxide is 
often used to hasten and smooth induction of anesthesia. Muscle relaxants should not be used, because ventilation provided with mask and positive pressure through 
an obstructed airway is generally less satisfactory than the degree of gas exchange produced with spontaneous ventilation using assisted positive-pressure breathing. 
Anesthesia administration is continued until the patient is at a suitable depth to withstand bronchoscopy. This technique allows a patient to maintain spontaneous 
ventilation throughout the procedure. It can be time-consuming and requires patience on the part of the anesthesiologist and surgeon, but the disadvantage this 
imposes is greatly outweighed by the tremendous advantage of having the patient spontaneously ventilating throughout the procedure. This is especially important 
because the exact nature of the obstruction may not be known. During the course of tumor removal, maintaining the airway may be difficult and the patient's ability to 
breath is often the only thing that sustains him or her through this period. 4 When spontaneous ventilation is preserved, the surgeon will have more time to establish an 
airway than in the paralyzed, apneic patient. For this reason, we have avoided the use of narcotics, barbiturates, and paralyzing agents.

TECHNIQUES

Coring Out

The combination of biopsy forceps and the tip of the rigid bronchoscope to “core out” the tumor is very effective and satisfies many of the requirements for opening an 
obstructed airway. The authors find this to be the procedure of choice for management of malignant airway obstruction. This technique demands that the surgeon and 
assistants be in attendance during induction of anesthesia and have all necessary instruments available to establish an emergency airway. Rigid bronchoscopes of 
graded sizes should be available (3.59 mm). The small pediatric bronchoscope may be the only bronchoscope that can be inserted through a very proximal, tight 
stricture. This allows immediate control of the airway subsequent to further manipulations. The bronchoscope is introduced and insinuated with gentle pressure past 
the malignant stricture. It is almost always possible to pass a rigid bronchoscope beyond an obstructing tumor. If the tumor is not based circumferentially, the rigid 
bronchoscope may be insinuated along the wall of the trachea that is not involved. Once the patient has an airway and is well ventilated, the bronchoscope may be 
withdrawn above the tumor and the bulk of the tumor removed. The tumor is first biopsied to determine its consistency and vascularity. The tip of the bronchoscope is 



then used as a coring device to shave larger pieces of tumor. Once a piece is dislodged, suction or biopsy forceps are used to extract it. This is repeated until an 
adequate airway is achieved. It is vitally important to perform this in the axis of the airway to avoid penetration through the wall and injury to vascular structures or 
creation of a pneumothorax. The procedure usually takes 15 to 30 minutes 12 (Figure 61.1).

FIGURE 61.1. Technique of “coring out” utilizing the rigid bronchoscope.

For more distal tumors, insertion of a larger bronchoscope in the proximal airway allows careful inspection and suctioning of any secretions. The distal airway can be 
evaluated by inserting a flexible bronchoscope through the rigid bronchoscope. It is important to establish an airway, clear retained secretions, and stabilize the 
patient before proceeding with tumor removal. Using standard rigid bronchoscopy techniques, even lobar obstructions can often be managed with this technique.

Mathisen and Grillo reported our results of treating malignant obstruction with this technique in 1989. 4 The location of the obstruction was trachea in 16 patients, 
carina in 24, main bronchi in eight and distal airway in eight. Improvement in the airway was accomplished in 90% of patients. A single bronchoscopy was sufficient in 
96%. There were numerous histologic types of tumors amenable to this approach ( Table 61.1). An improved airway was achieved in 51 of the 56 patients after 
endoscopic removal of tumor, with no intraoperative deaths in the series. Only two patients required repeat bronchoscopy within two months of initial successful 
core-out. Nineteen complications occurred in 11 patients, including pneumonia, bleeding, pneumothorax, hypoxia, hypocarbia, arrhythmias, and laryngeal edema. 
Four patients died within two weeks of endoscopy of causes unrelated to the procedure. All patients had received no benefit from previous radiation therapy and were 
in desperate condition with postobstructive pneumonia.

TABLE 61.1. HISTOLOGY OF OBSTRUCTING NEOPLASMS

Major hemorrhage rarely occurs with this technique and did not occur in this series of patients. Only three out of 56 patients had more than minor bleeding (500 mL). 4 
Minor bleeding is easily controlled with simple measures such as irrigation with saline or tamponade with epinephrine (0.1 mg per mL) soaked pledgets on long 
applicators. Use of the rigid bronchoscope to tamponade the raw surface of the tumor is also effective. Tamponade with Fogarty venous occlusion catheters or an 
inflated endotracheal tube balloon against the raw surface is also effective for persistent oozing from a raw surface.

Short-term survival depends on the success of the endoscopic core-out of the tumor and long-term survival depends on the effectiveness of proposed treatments. The 
survival of inoperable patients after radiation or chemotherapy in the series presented by Mathisen ranged from two months to 82 months, with a median of six 
months. Histology, location, and extent of disease determine success of treatment. For patients with failed previous therapies, endoscopic removal of the tumor is a 
temporary measure that allows a patent airway. Use of tracheotomy tubes, T-tubes, or other stents may be effective in maintaining an airway in this group of patients 
who have no other options.

Cryotherapy

Cryotherapy is of limited usefulness, especially in the acute setting. Treatment requires application of probes that are cooled to -60° C to -80° C with liquid nitrogen. 
Tumors may be frozen and removed mechanically. The stated advantage of endoscopic cryosurgery is the capacity to extend it to extramural parts of tumors up to 1.5 
to 2 cm. With this technique, only tumors of 1 to 2 cm. on half the circumference of the trachea can be removed in one session. Reepithelization after removal is 
reportedly very good.5 The obvious disadvantages in its application for severe tracheal obstruction are in the actual mechanics of its application. The probes are 
clumsy and make exact endoscopic placement difficult. Acute manipulation of the airway is limited, because the probe cannot be removed immediately but remains 
stuck to the tissues for about one minute. If the diameter of the probe is reduced, then the speed of cooling may be diminished. With a slower rate of cooling, tumor 
cells are preserved rather than destroyed. Coring out and laser surgery, along with endobronchial brachytherapy, have supplanted the role of cryotherapy in 
malignant airway obstruction.

Expandable Metallic Stents

The last several years have seen a substantial growth in the availability and use of endolumenal stents. Available expandable stents basically break down into 
covered and uncovered metallic stents. The first stent commonly used, the Gianturco stent, is a self-expandable, stainless steel stent made of a thin-diameter 
stainless steel wire laced into a zigzag cylinder that expands on placement. Use of the Gianturco self-expandable stent was initially intended for treatment of stenoses 
within the vascular system and biliary tree. 13,14,15 Similarly, the covered Wallstent was first used in the vascular tree and has recently gained popularity within the 
tracheobronchial tree.

Different lengths and widths are available, and commonly, two Gianturco stents are joined together with lateral barbs affixed to the stent to minimize migration ( Figure 
61.2). Varela and colleagues, Wilson and colleagues, and others have described a technique for stent placement. 16,17 A guidewire is passed through a flexible 
bronchoscope through the obstruction. The bronchoscope is then reinserted so that the deployment of the stent can be observed. The stents are inserted in a 
compressed form, loaded in a 12 French Teflon sheath over the guidewire. The stent is advanced through the Teflon sheath until it reaches the distal aspect of the 
sheath. The pusher is held with one hand while the Teflon sheath is removed, allowing the distal aspect of the stent to expand. Two or more stents may be required, 
and the stents should always be longer than the obstructing lesion. Correct placement is confirmed with the fiber-optic bronchoscope. 15,16,17,18,19



FIGURE 61.2. A: Gianturco stent for endobronchial stenting. (Photo, courtesy of Dr. Rosch, Professor of Radiology, Oregon Health Sciences University.) B: Chest 
x-ray of endobronchial stent in place. (Photo, courtesy of Dr. Rosch, Professor of Radiology, Oregon Health Sciences University.)

The deployment of the covered Wallstent was well described by Monnier and associates in a prospective multicenter study. Two methods for deployment currently 
exist. The Rigistep device consists of a rigid bronchoscope through which the stent is deployed after the lesion has been crossed. If the lesion cannot be crossed with 
a rigid bronchoscope or the resources for rigid bronchoscopy do not exist, the telestep device can be used to deploy the stent while observing with a flexible 
bronchoscope or under fluoroscopy. This proceeds in a manner similar to that described above. 20

Multiple studies have now looked at the efficacy of expandable stents. Wilson and colleagues looked at 56 patients with inoperable malignancy and significant airway 
compromise. These patients underwent stenting with the Gianturco expandable stent. Of the patients treated, 77% showed significant symptomatic improvement and 
67% showed improvement in pulmonary function tests. Four patients died perioperatively, two of respiratory causes and two of myocardial infarction. One patient 
suffered a pneumothorax and one suffered a hemopneumothorax. Mean survival of all patients was 77 days (1 to 477 days). 17 Another study by Monnier and 
associates looked at the efficacy of covered Wallstents in 40 patients presenting with inoperable tracheobronchial cancer. Except in cases of pure extrinsic 
compression, an initial lumen was created using the Neodymium-Ytrium-Garnet (Nd:YAG) laser. The tumor was situated in the trachea in 11 patients, in the carina in 
six, right main or intermediate in 12, and the left main in 11. Following stent deployment, the lumen was returned to within 92% of normal (plus or minus 6.3%). 
Patients were evaluated post procedure and at 30 and 90 days. At 30 days, 22 patients were alive and 19 underwent bronchoscopy. Eleven showed partial 
obstruction and three showed minor stent migration. There was no significant progression of dyspnea. At 90 days, 13 were still alive and 10 underwent bronchoscopy. 
All patients showed incomplete tumor coverage but once again, there was no significant difference in dyspnea. 20 Tojo and associates sought to compare these stents. 
They used Gianturco stents to treat 11 patients with extrinsic compression; the airway remained open in 10 of these patients. Sixteen patients with intraluminal tumor 
were treated as follows: Nine with bare metal stents, four with covered metal stents, three with Dumon stents. Four of the patients treated with a covered stent 
suffered tumor ingrowth necessitating laser therapy. None of the covered stent or Dumon stent patients needed further therapy. 21 None of the patients treated with 
bare stents for extrinsic compression required further therapy.

In conclusion, expandable stents represent a viable option in the treatment of obstructing malignant airway disease. While hard data are lacking, several inferences 
can be made. It appears that bare metal stents are more secure and tend to migrate less. On the other hand, tumor ingrowth through the metal lattice appears a real 
phenomena. At present these properties suggest that bare metal stents are more suitable for extrinsic airway compression and covered stents are more suitable for 
intraluminal tumor growth. Both stents become intensely incorporated after about two weeks. It also appears that deployable metallic stents induce a granulation 
response at their anchoring points. These properties make them contraindicated in the treatment of benign disease. 20,22 As with all devices, innovations and revisions 
are surely underway.

Silastic Stents

The T-tube that is presently in clinical use was developed in 1965 by Montgomery 23 and has been most widely used by otolaryngologists and thoracic surgeons 24,25 as 
a stent in subglottic and tracheal obstructions.

The T-tube is made of a light and pliable silicone rubber and comes with a silicone plug secured in place by friction from a slight twisting motion. The intratracheal 
edges of the tube are trimmed and smoothed to avoid trauma to the tracheal mucosa. Tissue reaction to silicone is usually minimal, and the stent can remain in place 
for extended periods of time. The flexibility of the cannula allows easy insertion and removal via tracheostomy. If the laryngeal airway is adequate, normal phonation 
and humidification through the nasopharynx are preserved. The Montgomery T-tube endoprosthesis comes in a variety of sizes and shapes ( Figure 61.3). Sizes range 
from 4 to 16 mm in outside diameter. A variety of tubes are available with long inferior limbs for intrathoracic tracheal obstructions. There are also available either 
single-armed or Y-shaped cannulas with the lower ends acting as stents for the carina and main bronchi when the lesion involves that area. 26,27

FIGURE 61.3. Variety of available Montgomery T-tubes with modifications shown.

In cases where malignant obstruction of the airway cannot be operated on because of extent of disease, the T-tube can be inserted to relieve asphyxia and allow a 
relatively good quality of life. Insertion of the T-tube requires careful preoperative assessment of the airway. Measurements are obtained with a rigid bronchoscope to 
determine proximal and distal extent of the tumor, carina, stoma, and vocal cords. The T-tube is inserted through a preexisting tracheal stoma or a newly created 
stoma.28 After the proper diameter T-tube is selected and the ends trimmed to the desired length, the upper limb of the intratracheal tube is grasped with a Kelley 
clamp and the lower end is introduced into the stoma. With the tube inserted, the lower limb is advanced toward the distal trachea until the entire endotracheal portion 
is within the lumen. A second Kelley grasps the outside horizontal branch, pulling it to seat the cannula in the proper position. This is all done with the aid of the rigid 
bronchoscope under direct vision to minimize any iatrogenic injury to the trachea and provide an airway. The upper limb of the tube should be positioned, unless 
contraindicated by involvement of the subglottic and glottic region, about 1 cm below the vocal cords. If the upper limb is too long, irritation of the subglottic region and 
vocal cords will lead to laryngeal edema or predispose to aspiration. In rare cases, however, the proximal extent of the T-tube has been placed through the vocal 
cords, with some patients even developing pharyngeal speech. The side arm should be plugged as soon as possible to allow speech and natural humidification. 
Failure to plug the side arm will quickly lead to crusting and obstruction of the tube. Humidification should be provided and the tube suctioned frequently. 
Acetylcysteine can be instilled with normal saline to prevent formation of mucous plugs. The skin around the stoma should be cleaned regularly to minimize 
contamination. Patients can be easily trained to perform routine care of the tube at home.

Similar to the T-tube, the Dumon tube is a silastic stent placed directly into the airway. Unlike the T-tube, there is no stomal connection. Instead, the tube is held in 
place by a series of silastic studs that line the outside of the stent (see Fig. 61.3). The Dumon tube requires rigid bronchoscopy for placement and comes in a Y shape 
for stenting of the mainstems or carina. The Dumon tube has both advantages and disadvantages compared to the T-tube. Its advantages include cosmesis and 
placement without the need for a stoma. Its disadvantages include the lack of a stoma through which suctioning of secretions is facilitated and, despite the silastic 



studs, a greater tendency to migrate.

In general, the authors favor the use of a T-tube over the Dumon tube. We find dealing with inspisated secretions considerably easier with a stomal component in 
place. Patients with an end tracheal stoma who develop an intratracheal recurrence, however, pose a specific problem. In these patients, a Dumon tube is preferable 
to an amputated T-tube, primarily due to its anchoring capabilities. A special situation that requires close monitoring is the patient with a Y stent in place and a severe 
forceful cough. On occasion these patients have dislodged an arm of the Y stent causing the stent to buckle and occlude the airway.

Lasers

Laser is an acronym for light amplification by the stimulated emission of radiation. The principle upon which lasers are based was expounded by Einstein in 1917 29 but 
was not put into practical use until 1958, when groups at Bell Laboratories and Hughes began using a doped ruby crystal. 30 Endoscopic application of laser 
technology began in 1973 with the use of carbon dioxide CO 2 laser therapy to ablate benign neoplasms such as papillomas and later to palliate malignant obstruction 
of the major airways.31 Laser mediated ablation of tissue proceeds from the rapid deposition of energy into a small area. Following absorption of this energy, a 
primarily thermal process ensues, culminating in a phase change and vaporization of tissue. The absolute quantity of energy deposited, the wavelength of light used, 
and the pulse duration all significantly impact the process. The wavelength of the emitted light determines the molecule within the tissue that will act as the absorber. 
The pulse duration affects thermal dissipation and hence lateral thermal injury.

The carbon dioxide laser emits an invisible beam of light with a wavelength of 10,600 nm. The beam has a very high water-absorption coefficient and is absorbed by 
all tissues with little or no scatter or penetration. This produces a precisely localized vaporizing instrument with very little surrounding edema or trauma adjacent to the 
focal point of the beam. CO2 laser light cannot at present be transmitted through fiber-optic bundles but must be reflected in transit off prisms and articulation, and 
therefore requires a cumbersome delivery system of articulated arms. Because of these mechanics of delivery, only tracheal and proximal bronchial lesions are 
accessible. The CO2 laser is a precise cutting instrument and affords hemostasis only to the microcirculation. Vessels greater than 0.5 mm. are ineffectively 
coagulated. However, because of minimal edema next to the focal point of the beam, there is excellent healing ability in the adjacent tissues. With the advent of the 
Nd: YAG laser for similar lesions, the CO 2 laser has become less important. Ablation and resection of tumor mass in major airways is much more effectively and safely 
performed with the Nd:YAG laser.32

The Nd:YAG laser can be delivered through an optical fiber and produces excellent vaporization. The high thermal energy can produce vaporization, coagulative 
necrosis, and coagulative hemostasis. The energy output of this laser far exceeds that of the CO 2 laser. This laser system can be used through flexible optical fibers 
and allows for resection of tumor by vaporization and for effective coagulation and hemostasis of larger vessels (1 mm). 33,34 and 35

Contraindications to Nd:YAG laser therapy include the following: obstruction due to extrinsic compression; obstruction due to lack of cartilaginous support; 
tracheoesophageal fistula; lobar or more distal occlusion; total obstruction over 4 to 6 cm with no probable distal airway, and bleeding diathesis. 32

Use of a No. 9 Wolf ventilating bronchoscope with a Sanders injector for ventilation is recommended. The FI02 should be less than 40% to prevent combustion and/or 
fire. The tumor is assessed through the rigid scope, and any large bulky portions are dislodged by manipulations of the tip of the bronchoscope as previously 
described in the coring-out technique. Hemorrhage from the tumor is usually only mild to moderate. Indeed, most of the tumor bulk can be removed through this 
simple method of debridement. A flexible bronchoscope can then be passed through an occluding grommet at the open end of the scope, and a laser fiber can be 
passed through the channel of the fiberoptic scope and positioned under direct vision of the operator. Smoke is aspirated with the use of a vinyl suction catheter in the 
rigid scope. The power output is between 45 and 55 watts in half-second pulses.

If during laser therapy there is need for suctioning of secretions, purulent material, or blood, or removal of large portions of necrotic debris, the flexible scope can be 
removed, the ventilation converted to a jet system with the Sanders injector, and a large-bore suction catheter and biopsy forceps inserted directly into the open end 
of the bronchoscope. This particular technique allows for simple and rapid conversion from one delivery system to another. Repetitive treatments may be necessary to 
obtain an adequate airway. A dilute solution of epinephrine is occasionally injected into the scope to arrest bleeding from the raw tumor bed. The patient can either be 
extubated in the operating room, or reintubated with an endotracheal tube after the rigid bronchoscope has been removed and extubated in the recovery room.

The major advantages of the Nd:YAG laser over other lasers are the superior vaporization, excellent coagulative necrosis, and deeper penetration achieved. Safe and 
effective ablation can be performed much more quickly with this laser. The procedure may be done either through a flexible bronchoscope, as described, or through a 
rigid bronchoscope exclusively, as described by Dumon. 34 Complications include hypoxemia, hemorrhage, perforation, fire, pneumothorax, and endobronchial spillage 
of distal obstructive purulent material.

McDougall and Cortese33 defined the selection criteria for laser therapy. They stated that these patients should have malignant airway obstruction which has failed all 
other reasonable therapy, and the lesion should be protruding into the bronchial wall without obvious extension beyond the cartilage. They further stated that the 
actual length of the endobronchial component of the tumor should be less than 4 cm, and that the bronchoscopist should be able to see the bronchial lumen at all 
times. There should be functioning lung tissue beyond the obstruction. Their initial series included 22 patients who received 28 treatments during a five-month period. 
After the initial treatment, immediate improvement in airway diameter and symptomatic relief was achieved in 20 of 22 patients.

The efficacy of the Nd:YAG laser in endobronchial tracheal obstructive lesions has been shown by several series. 35,36,37 and 38 Perhaps the largest is from France, 
where Dumon and colleagues reported 1,503 endoscopic YAG laser treatments on 839 patients. 34 Brutinel and associates, from the Mayo Clinic,38 reported that 
airway caliber improvement was achieved in up to 83.4% of treatments. Obstructions at the level of the trachea, mainstem bronchi, and bronchus intermedius were 
improved more often than those at the lobar bronchi. At follow-up, 36% of patients in his series were alive at one year. The median time to retreatment or death was 
130 days. In Parr's and colleagues' series of 40 patients, 36 patients had primary lung malignancies. Of those treated with the Nd:YAG laser, results were reported as 
excellent in 22 patients. Kvale and associates at Henry Ford Hospital reported a series of 55 patients treated a total of 82 times. Satisfactory results (doubling of 
airway size with relief of dyspnea or drainage of obstructive pneumonitis) were obtained in 12 of 13 patients with bronchogenic carcinoma initially managed with laser 
and in 22 of 32 patients with recurrent malignancies. 37

The major cause of death during or after laser resection is hypoxemia and perforation (less than 40%). 32 Hemorrhage is rare in the series listed (1% to 
3%).31,33,34,35,36,37 and 38 Dumon and colleagues34 state that experimental data suggests a continuous radiation at a power setting of 40 watts or more creates massive 
tissue coagulation and uncontrolled penetration. Consequently, to preclude perforation and exsanguinating hemorrhage, the endoscopists must use the laser 
sparingly over intermittent exposures (0.5 to 1 second) at power settings not higher than 45 watts. For coagulation, long low-powered shots are used; for resection, 
short high-powered shots are needed. Another rule of safety consists in firing parallel to the airway wall and strictly avoiding perpendicular shots. Further economy in 
laser firing can be had by photocoagulation and mechanical removal of the tumor mass using the tip of the bronchoscope to shave off fragments and the suction 
tubing to evacuate them. Oxygen concentration should not exceed 50% during laser resection to avoid fire at the fiber-optic tip. Kvale and associates 37 utilized 
computer axial tomography (CAT) with contrast infusion and rapid sequence imaging to display the relationships between the involved bronchus and the surrounding 
structures, particularly the large intrathoracic blood vessels. The image provided by the CAT scan may be useful, particularly when the lesion is obstructing the distal 
trachea or more peripherally.

In summary, exophytic lesions of the trachea and mainstem bronchi are most amenable to therapy by laser, and improvement in symptoms correlate best with 
improved patency of large airways. In most patients the major portion of the endobronchial debulking procedure can be performed quickly and safely by physically 
coring out the exophytic tumor mass with the rigid end of the bronchoscope. The laser can then be used to remove any remaining tumor and produce hemostasis by 
coagulation of the tumor bed.32

Bronchoscopic Balloon Dilatation

Bronchoscopic balloon dilatation is a well-known technique in the management of children and infants with tracheobronchial stenosis. Its usefulness, however, in the 
management of malignant airway obstruction has been quite limited. For now, its use is primarily as an adjunct to laser photoresection or stenting. It serves to create 
an adequate lumen for the deployment of more definitive modalities. 39



Intratumoral Injections

When other modalities have been unavailable, some physicians have turned to direct intratumoral injection of chemotherapeutic agents. Celikoglu and associates 
recently looked at 93 patients who presented with over 50% obstruction of at least one major airway. All patients were treated with 5-fluorouracil, mitomycin, 
methotrexate, bleomycin, and mitoxantrone, injected directly into the tumor. Thirty-five patients presented with complete obstruction of one lung; of these, 18 saw 
complete reexpansion, six had partial reexpansion, and 11 had no effect. Overall, 39 of the 93 patients showed an increase in the lumenal diameter to over 50%, and 
42 showed a 25% to 50% increase.40

While direct intratumoral injection does not appear as efficacious as other modalities, it clearly holds promise. Its role as an adjunct to other techniques, for example, 
has not been investigated. Furthermore, the development of other chemotherapeutic regimens and/or selective activation (as with esophageal PDT) may greatly 
extend its efficacy.

CONCLUSION

Short-term survival is directly dependent on the ability to open the obstructed airway; long-term survival depends on the effectiveness of proposed treatments of the 
underlying cancer. For patients who have failed previous therapy, endoscopic removal of tumor is a temporary measure to relieve airway obstruction. Use of 
tracheotomy tubes and T-tubes may ultimately be effective in maintaining an airway in this group of patients who have no other options. The use of the Nd:YAG laser 
is an acceptable alternative to core-out, but more costly. Endoluminal stenting, although more costly than silastic stents or core-out, has the advantage of not 
requiring rigid bronchoscopy or general anesthesia. Endobronchial brachytherapy, although very labor-intensive, has also shown good success. It is important to note 
that all these modalities are acute therapy for airway occlusion and do not treat the underlying problem. Since no modality has proven clearly superior, the choice of 
therapy should depend on the expertise and resources of the staff and institution. Also, these therapies should not deter definitive therapy—tracheal resections, 
carinal resections, and sleeve resections of the tracheobronchial tree are accepted methods of treatment and can be curative. 6 These should always be considered on 
patients with obstructed airways so as not to deny patients the opportunity for cure.
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INTRODUCTION AND HISTORY

Obstruction of the superior vena cava (SVC) is well recognized as a complication of lung cancer. The degree of clinical manifestation varies among patients, but 
recognition and prompt management are essential. Although the usual treatment is nonsurgical, selected patients can benefit significantly from operative or 
interventional measures.

Superior vena cava syndrome (SVCS) was originally described by William Hunter in 1757 in a patient with a saccular aneurysm of the ascending aorta. 1 At autopsy, 
he noted that the SVC and innominate vein were “both so much compressed by the dilated artery, as hardly to have any thing left of their natural capacity and 
appearance.” William Stokes in 1837 reported SVCS secondary to a right-lung malignancy, noting that the progressive physical findings were a consequence of the 
compressive effects of tumors on the SVC and the development of collateral circulation. 2 He described a patient whose “face was bloated, pale, and slightly 
edematous, which, with an appearance of the eyes as if the balls were protruded from the sockets, and a marked dilatation of the nostrils during breathing, gave his 
countenance an expression of distress and suffering. . .. The right jugular vein was much distended, as were the veins in the right axilla; but this symptom was chiefly 
remarkable on the surface of the belly, where two veins . . . pursued a remarkably tortuous course . . . being turgid and dilated to the size of swan quills.” In his 
comprehensive review of lung cancer in the nineteenth century, Rosenblatt refers to several reports from Ireland and Germany that describe SVCS secondary to 
bronchogenic carcinoma.3

Prior to the mid twentieth century, malignancy accounted for roughly one-third of all cases of SVCS. Most cases occurred secondary to infectious conditions such as 
luetic aortic aneurysms, tuberculosis, and fibrotic mediastinitis. 4 Today, however, intrathoracic malignancy has far surpassed benign disease as the primary cause of 
SVC obstruction. The increased incidence of bronchogenic carcinoma over the past several decades and improved treatment for granulomatous and infectious 
diseases have accounted for these etiologic changes.

ANATOMY AND PATHOGENESIS

The normal SVC measures 6 to 8 cm in length and 1 to 2 cm in diameter. It is formed by a union of the left and right innominate veins and is positioned in the middle 
mediastinum to the right of the aorta and anterior to the trachea. The inferior aspect of the SVC resides within the pericardial cavity for a length of 2 to 3 cm. For most 
of its length, the azygos vein is located posteriorly and adjacent to the vertebral column. As it approaches the SVC, it courses anteriorly over the right mainstem 
bronchus and enters the posterior wall of the SVC above the level of the pericardial reflection, several centimeters cephalad to the right atrium.

There are eight principal collateral pathways for drainage of the venous system in the chest: the paravertebral, azygos-hemiazygos, internal mammary, lateral 
thoracic, anterior jugular, thyroidal, thymic, and pericardiophrenic veins. The five major venous collateral networks are depicted in Figure 62.1. Each system is 
elaborately interconnected to provide innumerable possibilities for variations and directions in flow, depending on the situation. The presence of SVCS depends on 
individual anatomic patterns and compensatory changes during the evolution of the pathologic process. The location of the obstruction, the extent of the process, the 
presence of access pathways, and the capability of the pathways to adapt to excess blood flow determine the severity of the syndrome.

FIGURE 62.1. The five major collateral venous networks of the thorax. The thyroidal, thymic, and pericardiophrenic veins are not depicted. AcHAzV, accessory 
hemiazygos vein; AICV, anterior intercostal vein; AJAr, anterior jugular arch; AzV, azygos vein; EJV, external jugular vein; HAzV, hemiazygos vein; LAJV, left anterior 
jugular vein; LIJV, left internal jugular vein; LIMV, left internal mammary vein; LIV, left innominate vein; LSCV, left subclavian vein; LSICV, left superior intercostal 
vein; LSCV, left subclavian vein; LTV, lateral thoracic vein; PICV, posterior intercostal vein; PVP, paravertebral plexus; RAJV, right anterior jugular vein; RIJV, right 
internal jugular vein; RIMV, right internal mammary vein; RIV, right innominate vein; RSCV, right subclavian vein; RSICV, right superior intercostal vein; SVC, superior 
vena cava; VB, vertebral body; VV, vertebral vein. (From Chasen MH, Charnsangavej C. Venous chest anatomy: clinical implications. In: Greene R, Muhm JR, eds. 
Syllabus: a categorical course in diagnostic radiology. Presented at the 78th Scientific Assembly and Annual Meeting of the Radiological Society of North America. 
1992:121, with permission.)

By using contrast venography, Stanford and Doty have described four patterns of associated venous flow determined by the degree of SVC obstruction 5 (Figure 62.2, 
Figure 62.3, Figure 62.4 and Figure 62.5). Obstruction of the SVC below the insertion of the azygos vein may result in use of the azygos arch as the major collateral 
pathway, with reversal of flow and drainage into the inferior vena cava. Obstruction of the SVC above the level of insertion of the azygos vein results in flow through 
alternative pathways, primarily the cervical and paravertebral plexuses. The collateral vessels, in turn, drain into the azygos system, which flows retrograde into the 
inferior vena cava. A sparse number of central venous collaterals appear when the SVC and the major venous channels undergo extensive thrombosis. In such 



circumstances, collateralization occurs through a network of extrathoracic pathways within the chest wall musculature and skin.

FIGURE 62.2. Partial obstruction of the superior vena cava with patency of the azygos; right atrial pathway. (From Stanford W, Doty DB. The role of venography and 
surgery in the management of patients with superior vena cava obstruction. Ann Thorac Surg 1986;41:158, with permission.)

FIGURE 62.3. Near-complete to complete obstruction of the superior vena cava with pathway and antegrade flow in the azygos; right atrial pathway. (From Stanford 
W, Doty DB. The role of venography and surgery in the management of patients with superior vena cava obstruction. Ann Thorac Surg 1986;41:158, with permission.)

FIGURE 62.4. Near-complete to complete obstruction of the superior vena cava with reversal of azygos blood flow to the inferior vena cava. (From Stanford W, Doty 
DB. The role of venography and surgery in the management of patients with superior vena cava obstruction. Ann Thorac Surg 1986;41:158, with permission.)

FIGURE 62.5. Complete obstruction of the superior vena cava and one or more of the major vena caval accessory pathways, including the azygos systems. (From 
Stanford W, Doty DB. The role of venography and surgery in the management of patients with superior vena cava obstruction. Ann Thorac Surg 1986;41:158, with 
permission.)

The progress of the vena caval obstructive process determines the severity of the syndrome and the changes associated with alterations of venous flow. Gradual 
strangulation of a major venous pathway (i.e., vena cava, innominate vein, or azygos vein) induces compensatory rerouting of flow into smaller systems. The process 
usually evolves as a subacute or chronic phenomenon which develops more quickly than the body's ability to create collateral vessels to circumvent the resulting 
congestion. The high venous circulatory pressure above the obstruction causes shunting into the adjacent lower pressure plexuses and venules. As time passes over 
weeks or months, the sustained pressure imposed upon the collateral pathways invokes their gradual distension and dilation. Eventually, small veins become major 
channels for flow.

When cutaneous veins are recruited to unload back pressure, increased venous blood in the skin is manifested clinically by a ruborous hue which gives the 
impression of cyanosis. Swelling and edema from the increase in capillary hydrostatic pressure are common; the extent of these conditions is determined primarily by 
the degree of collateral flow to reduce venous hypertension. If obstruction is insidious, the circulatory system has the ability to adapt to flow changes, often with only 
subtle clinical signs. In a few instances no clinical signs are expressed. Typical anatomic and physiologic changes which reflect congestion of flow include facial 
plethora, mild edema and rubor of the face and upper extremities, and dilated cutaneous veins. When the obstructive process is acute or subacute, physiologic 
changes of venous collateralization cannot occur quickly enough to compensate: compensatory collaterals for pressure unloading are nonexistent and pronounced 
venous hypertension results. In this situation, clinical signs and symptoms are more evident and are manifested more overtly by more severe facial, neck, and arm 
edema; headache; dyspnea; periorbital swelling; and facial erythema.

ETIOLOGY

Obstruction of the vena cava is due to extrinsic pressure, tumor invasion, thrombosis, or impedance of venous return from intra-atrial or intraluminal pathology. 



Approximately 73% to 97% of cases of SVCS occur secondary to malignancy.6,7,8,9,10 and 11 Malignant encroachment on the SVC occurs either by direct extension or 
compression by the primary tumor or by invasion of superior mediastinal lymph nodes that contain malignancy. In addition, progressive tumor growth may violate the 
vascular intima and serve as a nidus for thrombus formation, which can evolve to extensive thrombosis of the SVC, branch vessels, and collateral tributaries. The 
malignancy that most frequently causes SVCS is lung cancer. Approximately 3% to 5% of patients with lung cancer develop the syndrome, 11,12,13,14 and 15 and 
approximately 10% to 15% of patients with right-sided chest malignancies will develop SVCS. 6,14 Of 337 patients with malignancies and SVCS registered at the 
University of Texas M.D. Anderson Cancer Center Department of Patient Studies through 1992, 218 (64.7%) had lung cancer. The histologic type varied: 77 (35%) 
had small cell carcinoma, 46 (21%) adenocarcinoma, 44 (20%) squamous cell, 8 (4%) large cell, and 63 (29%) nonspecified carcinomas. Other reviews have noted 
that lung cancer constituted 65% to 95% of all malignant causes of SVCS. 8,11,16,17,18,19 and 20

CLINICAL PRESENTATION

The signs and symptoms of mature SVCS are usually easily recognized. Common symptoms and physical findings are noted in Table 62.1 and Table 62.2. Early in 
the course, the presenting changes are subtle with minimal physical changes and no symptoms. On rare occasions, the SVC can be completely occluded without the 
development of physiologic or anatomic changes. At the other extreme, acute SVCS can result in the abrupt onset of symptoms with pronounced clinical 
manifestations reflective of the rapidly obstructive process. The average duration of symptoms is approximately 45 days, 21 with 90% of patients noting the duration of 
symptoms as less than eight weeks.17

TABLE 62.1. COMMON SYMPTOMS OF SUPERIOR VENA CAVA SYNDROME

TABLE 62.2. COMMON PHYSICAL SIGNS OF SUPERIOR VENA CAVA SYNDROME

The typical presentation reflects venous hypertension above the level of the obstruction. At a certain point in the process, venous collaterals will develop, including 
small, tortuous, vertically oriented cutaneous tributaries above the level of the rib cage margin. Features include upper body venous engorgement with dilated primary 
venous tributaries of the trunk, upper extremities, and neck. Facial plethora is most common, and unrecognized facial swelling is a frequent manifestation. The skin 
may appear ruddy or with a slight violet hue, giving the impression of cyanosis or flushing. Mild edema of the neck, face, and periorbital region with proptosis and 
conjunctival suffusion may be present. Assuming a recumbent position, bending over, and coughing exacerbate symptoms from transient elevations in venous 
pressure that is already hypertensive. Headache, nausea, dizziness, and visual disturbances are not uncommon. Lethargy, obtundation, syncope, stupor and/or coma 
occur in fewer than 2% of cases and appear more commonly in patients with rapidly progressive and severe SVCS. Such neurologic symptoms may be secondary to 
metastatic disease, not cerebral edema from venous occlusion. Laryngeal edema and glottic swelling can occur, but it is unusual for respiratory decompensation to 
occur from laryngeal edema alone. Significant compromise of the airway is uncommon, but when it does occur, it may be caused by the SVCS or by other factors that 
include glottic swelling, vocal cord paralysis, and extrinsic tracheal compression.

EVALUATION AND DIAGNOSIS

The superior vena cava syndrome is a clinical diagnosis; the signs and symptoms usually permit easy recognition. Confirmation by radiologic studies is not necessary, 
but histologic diagnosis is essential prior to the initiation of treatment.

Ultrasonography

Ultrasonography is valuable in evaluating the patency of the jugular, subclavian, and axillary veins. It is a safe, quick, and noninvasive bedside procedure. As a 
screening study to evaluate the presence of obstructive pathology, Doppler flow measurements are easy and accurate but are limited by their inability to view the 
intrathoracic veins adequately. 22,23 Further assessment of the intrathoracic venous system can be accomplished by transesophageal echocardiography (TEE), which 
has been shown to be an excellent method for evaluating the SVC and surrounding structures. 24,25

Radionuclide Venography

Nuclear scintigraphy is an accurate and relatively noninvasive method of imaging the venous system. The images are not as precise as contrast venography in clearly 
defining the venous anatomy, but technetium-99m DPTA studies can readily confirm the presence of SVCS, allow visualization of the site of obstruction, demonstrate 
regions of collateral flow, assess the general quantity of accessory circulatory patterns, and identify areas of pulmonary emboli. 26,27 and 28 When evaluation of the 
venous system is desired in anticipation of surgery, nuclear scintigraphy is not the study of choice; contrast venography should be performed.

Computed Tomography and Magnetic Resonance Imaging

Computed tomography (CT) provides much information about SVCS. CT shows details of the thoracic anatomy, including tumor proximity to the SVC, heart, trachea, 
and other major structures; visualizes the extent of vena caval occlusion, including thrombi; permits visualization of collateral venous pathways, including the 
“collateral loop” of interconnecting intrathoracic veins 29; and assists in directing diagnostic and therapeutic maneuvers. Using chest CT, Raptopoulos 30 has identified 
five categories of SVC compression that correspond to the severity of symptoms.

Type Ia is moderate narrowing of the SVC without collateral flow or increase in the size of the azygos vein.



Type Ib is severe narrowing of the SVC with retrograde flow into the azygos vein.

Type II is obstruction of the SVC above the azygos arch with retrograde flow into the thoracic, vertebral, and other peripheral veins.

Type III is obstruction of the SVC below the azygos arch with retrograde flow through the azygos arch into the inferior vena cava.

Type IV is obstruction of the SVC at the azygos arch with multiple peripheral collaterals and nonvisualization of the azygos vein.

Opacification of thoracic venous collaterals by CT often is suggestive of SVCS, but opacification of the anterior thoracic subcutaneous channels is the best indicator 
of SVC occlusion, with a specificity of 96%.31 Moncada and colleagues noted the specific advantages of combining CT scans with CT digital phlebography for patients 
with SVCS to highlight detailed resolution of the thoracic and venous anatomy. 32 Magnetic resonance imaging (MRI) allows images in multiple planes and does not 
require iodinated contrast material. The ability of MRI to diagnose thoracic venous obstruction is high, with sensitivity and specificity rates of 94% and 100%, 
respectively.33 Disadvantages of MRI include increased scanning time and cost.

Contrast Venography

Venacavography is an essential procedure when operative intervention is being considered and is a fundamental aspect of evaluation in anticipation of endovascular 
stent placement. The exact location and severity of caval obstruction, the sites of major vascular patency, the degree of associated thrombosis, and the extent of 
collateralization—key information in formulating an operative plan—can be precisely identified by contrast venography. Venography can be performed by bilateral 
antecubital venous injections or by conventional single-catheter injection, depending on the extent and location of the obstruction.

In a series of 36 patients, Stanford and Doty used venography to identify those patients whom they felt would most likely benefit from surgical bypass procedures 5 
(Figure 62.2, Figure 62.3, Figure 62.4 and Figure 62.5). Each radiographic pattern appeared to have a uniquely similar clinical presentation. As expected, the worst 
obstructive patterns and most severe symptoms were seen in patients with complete or near-complete obstruction of the SVC along with reversal or occlusion of flow 
in the azygous vein. The severity of the symptoms was the basis for selecting patients for palliative bypass grafting. Their results suggested that the patients who 
benefitted the most from surgical bypass were those with severe symptoms and with the worst obstructive patterns on venography.

Sputum Cytology, Fine-Needle Aspiration, and Lymph Node Biopsy

The simplest method of obtaining a histologic diagnosis is sputum cytologic analysis, which can yield a diagnosis in two thirds of patients. 17 Fine-needle aspiration or 
lymph node biopsy are important diagnostic methods that also yield a diagnosis in most cases. For lesions that are amenable to these procedures, they should be 
employed before proceeding to other more invasive methods, because hemorrhage or hematoma formation at the biopsy site is a concern. Prudent attention to the 
potential for associated coagulopathy and the reduction in venous hypertension while maintaining head and shoulder elevation is important. In most cases these 
procedures can be performed readily without complications. 34

Transluminal Radiographic Biopsy

Another method for obtaining a histologic diagnosis is transluminal biopsy under fluoroscopic guidance. This combined procedure allows evaluation of the venous 
system as well as pathologic diagnosis, 35,36 but only rarely is it indicated. It is best used in circumstances of diagnostic difficulty when surgical intervention is being 
considered. If contrast venography is performed and identifies an intraluminal tumor, fluoroscopic transluminal biopsy can be performed.

Mediastinoscopy

The safety of mediastinoscopy in patients with SVCS has been questioned; in fact, some clinicians feel that it is contraindicated. Fears of hemorrhage, hematoma 
formation, perioperative respiratory distress, and infection have served as the principle factors discouraging many physicians from recommending or performing the 
procedure, but such fears are unjustified. SVCS has been the direct cause of very few complications in patients who have undergone mediastinoscopy. Kirschner 
performed mediastinoscopy in 16 patients with SVCS without a complication. 37 Callejas and colleagues, noting that mediastinoscopy is useful and reliable in the 
diagnosis of tumors that cause SVCS, reported one wound infection and one carotid artery injury in eight such cases. 38 Little and colleagues had no complications in 
eight patients who underwent cervical mediastinoscopy. 34 Jahangiri and colleagues performed mediastinoscopy in 14 patients with SVCS and had only one 
complication, an innominate artery injury.39 They concluded that the procedure is safe and effective for establishing a diagnosis when other less invasive techniques 
have been unsuccessful. In two series of 53 patients with SVCS who underwent mediastinoscopy, one patient had excessive bleeding 40 and another had respiratory 
compromise requiring intubation for three days.41

When considering mediastinoscopy in patients with SVCS, the surgeon should be cognizant of SVCS physiology and take appropriate measures to reduce the 
potential for bleeding. Assuring adequate coagulation parameters is fundamental. Placing the patient in the reverse Trendelenburg position will help to reduce some 
of the upper-body venous hypertension, which in turn alleviates capillary oozing during the procedure. Enlarged subcutaneous venous collaterals should be avoided 
and pushed to the side. Heightened attention to hemostasis is key to the prevention of postoperative hemorrhage. When these usual precautionary measures are 
taken, mediastinoscopy is a safe procedure to perform in patients with SVCS.

MANAGEMENT

SVCS is an alarming phenomenon with seemingly dire consequences. Although it is often characterized as a medical emergency, 42,43 and 44 this is rarely the case. In a 
review of 90 publications that described 1986 cases of SVCS, there was only one death, of aspiration of epistaxis, that was directly attributable to SVC obstruction. 10 
Frequently mentioned severe complications of SVCS include cerebral edema and laryngeal edema with associated respiratory distress, 5,12,42 but actual experiences of 
these types have been reported infrequently. 7,11,45 In fact, cerebral edema and seizures may be secondary to associated metastatic disease, and respiratory 
compromise may be caused by tracheal compression from a tumor that is also causing SVC compression. Therefore, by recognizing that SVCS is very rarely a true 
oncologic emergency, clinicians should be able to identify the etiology prior to embarking on a therapeutic course. Treatment can be and should be delayed until 
appropriate evaluation is undertaken to determine the cause.

The management of SVCS depends on the severity of the patient's symptoms, the cause of the obstruction, and the histologic type of the tumor. Conservative 
measures such as head elevation, rest, judicious administration of fluids, and supplemental oxygen are important primary maneuvers until a diagnosis is made and 
more definitive treatment can begin. The roles of diuretics and corticosteroids in the treatment of SVCS are unclear. After a diagnosis is made, therapy should be 
initiated promptly. Treatment should not be initiated until a diagnosis is made.

Most patients with SVCS secondary to malignancy have traditionally been treated nonoperatively, with radiotherapy, chemotherapy, or both. More recently, 
endovascular stents have been successfully used to alleviate symptoms; a prompt and durable resolution of symptoms is achieved in 75% to 95% of 
patients.46,47,48,49,50,51,52,53,54,55 and 56 Such success occurs from direct thrombolysis of SVC clot and mechanical enlargement of the SVC to reestablish normal flow. With 
radiotherapy, diminished venous distension and subjective improvement usually do not occur until three to seven days after beginning therapy. Approximately 46% to 
70% of patients with bronchogenic carcinoma will demonstrate a symptomatic response to radiotherapy or combined radiotherapy and chemotherapy within the first 
two weeks.17,41 This improvement reflects either reestablishment of vena caval patency through recanalization or the further development of venous collaterals. 
Imaging studies performed after improvement of SVCS often show persistent SVC occlusion by stenosis, thrombosis, or residual tumor; the improvement in the 
syndrome in such instances is usually due to the recruitment of collateral flow.

Surgery has a very limited role in the management of SVCS. Some authors believe that surgery with bypass grafting has no role in the treatment of patients with 
SVCS secondary to malignant disease because of the morbidity associated with a major operation, 7,57 but others believe that surgery has a role in treating selected 
patients such as those with acute SVC occlusion and severe symptoms or those with complete occlusion of the SVC, severe refractory symptoms, and thrombosis of 
venous collaterals (Table 62.3). An operation can provide almost immediate, sustained relief of symptoms in most patients. The decision for any invasive procedure 



must be made with regard to the acuity of the syndrome, severity of the underlying disease, the patient's overall health, the risk of surgical intervention, the patient's 
life expectancy, and the anatomy of the receptive vein. In the current setting of improved anesthesia and perioperative monitoring, surgical procedures can be 
performed safely and effectively in selected patients.

TABLE 62.3. RELATIVE INDICATIONS FOR OPERATIVE INTERVENTION IN SUPERIOR VENA CAVA SYNDROME

Surgical Procedures

A number of surgical procedures have been described for the treatment of SVCS secondary to both benign and malignant conditions ( Table 62.4). The objective is to 
decompress safely the venous system above the level of the obstruction. Two techniques of operative management exist: bypass and resection. Bypass procedures 
reroute the venous blood of the upper compartment around the obstructed segment to the right atrium. The tumor itself is not handled. A single major vein (i.e., 
jugular, innominate, or subclavian) is used for the bypass; unilateral decompression relies on the normal venous flow patterns that readily cross the midline within the 
head and neck to decompress the contralateral side. The other operative technique, surgical resection ( Figure 62.6), involves en bloc removal of the SVC and the 
tumor, followed by reconstruction of the SVC with an interposition graft.

TABLE 62.4. SURGICAL PROCEDURES FOR SUPERIOR VENA CAVA SYNDROME

FIGURE 62.6. Superior vena cava resection and reconstruction with a synthetic graft.

As previously mentioned, venacavography is essential prior to operative intervention for SVCS. Contrast venography accurately delineates the major venous 
structures to be used for the bypass procedure. The degree of collateralization, the proximity of SVC occlusion, and the presence of intraluminal thrombosis should be 
noted for operative planning. Some thrombus exists in approximately 20% of cases 20; thrombectomy can be accomplished at the time of surgery in most 
circumstances. Extensive thrombotic occlusion of the innominate, subclavian, or jugular veins may preclude bypass.

Surgical Bypass

Median sternotomy provides the best exposure to the heart and innominate vein for bypass procedures. If no diagnosis has been obtained, biopsy should be 
performed to confirm the histology prior to proceeding with surgical treatment of the SVCS. In a few patients, tissue diagnosis requires an open procedure when other 
methods have failed. In such circumstances, simultaneous biopsy and bypass grafting have been performed with satisfactory results. 58 The innominate vein is the vein 
most amenable for bypass, though other major veins can be used. The innominate vein is usually easily identified and can be encircled with tapes proximally and 
distally to expose an adequate length that is free from thrombosis or tumor involvement. With tourniquet pressure to the tapes, a 1 cm incision is made along the 
inferior aspect to permit a Fogarty catheter. The catheter should be passed proximally and distally to remove potential thrombi. A side-biting vascular clamp is applied, 
and the venotomy is extended for 2.5 to 3 cm. Autologous vein or synthetic graft is used for the bypass; both are discussed in the following section. If a synthetic graft 
is used, a 10 to 14 mm graft is most favorable. The graft is sutured to the vein in an end-to-side fashion using 5–0 monofilament suture. Alternatively, an end-to-end 
anastomosis can be performed after ligation and division of the innominate vein ( Figure 62.7). After the anastomosis is complete, the graft should be flushed with 
heparinized saline, clamped, and measured for length to the right atrium. A comfortable length should be determined with the graft coursing to the side of the aorta. 
The graft may be sutured to the atrial appendage or the atrium proper, taking care to divide intra-atrial bands before performing the anastomosis.



FIGURE 62.7. Innominate vein to right atrial bypass can be performed using autologous vein, synthetic graft, or spiral vein.

Other types of bypass procedures have been described for the treatment of SVCS. Several reports have noted use of the azygos vein for bypass. 59,60,61,62 and 63 Such 
approaches can be performed through a right thoracotomy, which provides satisfactory exposure to both the vein and the right atrium. Extra-anatomic bypasses have 
been successfully used and are appealing because they are less invasive, 59,60,64,65,66 and 67 but they have suffered from poor patency rates caused by inherent low flow 
rates.

Grafts

Bypass procedures use a variety of conduits to reroute the venous return to the right atrium ( Table 62.5). The autogenous vein has the obvious advantage of 
providing a conduit of native tissue, which historically has allowed the highest patency rates of all conduits. One disadvantage, however, is the easy compressibility of 
the conduit, which can lead to occlusion. With connection of a bypass graft from peripheral to central veins, surrounding mediastinal tissues have the propensity to 
apply pressure along the course of the conduit. Lack of rigidity of the graft may lead to compression with consequent restrictive flow and graft occlusion. Another 
disadvantage of autogenous veins exists with the size discrepancy: a larger vein is more desirable. Doty 23 has championed the use of the composite spiral, 
autogenous vein graft that was originally described by Chiu in 1974. 68 Other authors also prefer the spiral vein to other graft types. 69,70 In several articles, Doty 
describes his technique for preparation of the vein and for bypass procedures from the jugular or innominate veins to the right atrium for both benign and malignant 
disease.23,71 In 1990 he reported his experience with nine patients with benign disease and noted success in seven of 10 grafts placed. 72 In a separate report, he 
noted 100% success in six patients with lung malignancies. 5 Certainly the advantages of a spiral vein are its autogenicity and its larger size, which theoretically 
permits greater volumes of flow. The disadvantage is its compressibility which subjects it to occlusion. Alimi and colleagues have noted success with the placement of 
endovascular stents in grafts that develop stenoses or occlusions. 70

TABLE 62.5. GRAFTS

Expanded or ringed polytetrafluoroethylene (PTFE) seems to be the most popular synthetic graft for bypass and for interposition. It is preferred for several reasons, 
including its excellent immediate and long-term patency rates, and noncompressibility. 73 With its inherent skeleton, ringed PTFE prevents the problem of extrinsic 
compression leading to occlusion.

Other conduits have been used with less uniform success, although only scattered reports exist. Dacron, pericardial tubes, and umbilical vein are not considered 
desirable options because of their marginal patency rates; these conduits are not recommended unless others are unavailable.

Endovascular Stents

Over the past 15 years, expanding (self-expanding and balloon-expandable) endovascular stents have been effectively used for treatment of stenoses of the arterial 
system74 venous system,56,75,76 esophagus,77,78 biliary tree,79,80,81 and 82 urologic tract,83,84 and airway.85,86,87,88 and 89 Stents mechanically expand and support structures 
that are obstructed by either an intrinsic or extrinsic process. They provide immediate palliation of symptoms and often render a long-term effect.

The advantages of expanding stents include the simplicity of insertion, dynamic expansiveness, and low profile. While stents open the stenoses and obstructions, 
their thin meshwork slowly sinks into the inner lining of the adjacent tissue, where it is incorporated. The stent, in essence, becomes a part of the wall of the structure 
into which it is inserted. Several types of expanding stents are available. Each has a different fundamental design, though they were developed with the same goal of 
low-profile expandability.

Self-Expanding Stents

Symphony Stent

The Symphony stent (Medi-Tech, Boston Scientific Corporation, Quincy, Massachusetts) is made of a nickel-titanium alloy called nitinol and is constructed from a 
single strand using an open knitted loop mesh design. The ends of the stent are looped and atraumatic, and the unique design allows the stent to bend easily to 
conform to angled lumen and to maintain a uniformly fixed open radius in all twisting positions. It can be deployed through a 7–10 French vascular introducer. Its 
low-profile release mechanism allows controlled incremental deployment to permit proximal readjustment of the position during deployment. Whereas most other 
deployment systems require protective introducer sheaths, this stent requires only an exchange guidewire over which the delivery catheter is placed.

Wallstent

The Wallstent (Medi-Tech, Boston Scientific Corporation, Quincy, Massachusetts) is composed of stainless steel monofilaments braided into a cylindrical tube. The 
stent is longitudinally stretched to fit within a delivery catheter that can be compressed into a 7–9 French introducer. The Wallstent has a larger surface area in 
contact with the wall of the vessel to provide position stability and to reduce the potential for erosion. A quality of the Wallstent is its excellent flexibility and 
conformance, which allows it to adapt particularly well to angulated, tortuous lesions. It requires a protective sheath for insertion and deployment.

Gianturco Stent



The Gianturco stent (William Cook Inc.) is constructed from 0.018 inch (460 µm in diameter) stainless steel monofilament wire fashioned in a zigzag pattern with five 
to ten bends. The two ends are joined to create a cylinder. Compressed, a stent will fit within an 8 French introducer sheath. Several modifications have been made 
since the stent was first designed to reduce migration and to facilitate precision in placement. The current stent is a tandem stent of two individual stents connected in 
multiple locations with monofilament sutures, which allows much better control of positioning, insertion, and deployment. The stent has very little longitudinal elasticity, 
which makes it less effective in a tortuous or highly angulated vascular stenosis. But it tends to have a slightly greater dynamic pressure of outward expandability than 
the other self-expanding stents.

Balloon-Expandable Stents

Palmaz Stent and Strecker Stent

In 1985, Palmaz and associates introduced the balloon-expandable stent (Johnson & Johnson Interventional Systems, Warren, NJ) that has been used extensively as 
an intravascular stent.90 The stent consists of a slotted, seamless, stainless steel tube with a wall thickness of 0.15 mm. An angioplasty balloon catheter is used to 
inflate the malleable framework into staggered rows of diamond-shaped slots which are resistant to collapse. The Strecker stent (Medi-Tech, Boston Scientific 
Corporation, Quincy, Massachusetts) is comprised of a knitted meshwork of tantalum wire 0.1 mm in diameter. The design provides greater flexibility when inserted 
into narrow, tortuous vessels. As opposed to the Palmaz stent, the Strecker stent is compressible in a longitudinal and radial fashion. Both types of stents are 
crimp-mounted on a folded angioplasty balloon catheter. The Palmaz stent is inserted through a protective introducer sheath. The Strecker stent requires no 
protective sheath and is inserted into the vascular system with a slightly smaller introducer.

Covered Expanding Stents

The meshwork of metal alloy is a fundamental design of all expanding stents. Unfortunately, this property has a downside because tissue, or tumor, can grow through 
the interstices of the stent and lumenal occlusion can subsequently recur. In recognition of this potential problem for patients who have disease within the vascular 
lumen, covered stents have been developed using a thin membrane of silastic or dacron to surround the stent cylinder. 91 Each type of expanding stent has a covered 
version, most of which remain in developmental stages and are not commercially available.

Insertion of Expanding Prostheses

Endovascular stents are inserted with fluoroscopic guidance. Initially, the anatomy of the SVC system is evaluated with venography. The extent of endovascular 
thrombus, the degree of SVC narrowing, and the length of lumenal stricture are ascertained. Thrombolytic agents are often locally delivered to enhance visualization 
of the anatomy and to provide access to the target site. Balloon dilation of the SVC is performed as an initial step, depending on the degree of obstruction. The size 
and length of stent are determined, as well as type, covered or uncovered. Standard sizes range from 10 to 14 mm in diameter and 4 to 10 cm in length. Following 
insertion of the stent, confirmation of SVC patency is established by repeat venography. A second stent is inserted if residual stenosis is present proximal or distal to 
the initial stent.

RESULTS

For patients with SVCS secondary to malignancy, survival varies significantly depending on the tumor histologic type. The prognosis correlates with that implied by 
the natural history of the underlying disease. Patients with SVCS from lung cancer have a very poor prognosis, as shown by the five-year survival rates of 337 
patients registered at M.D. Anderson Cancer Center with the diagnosis of SVC obstruction ( Figure 62.8): lung 2%, breast 10%, lymphoma 40%, and all other 7%. 
None of these patients underwent surgical bypass. The response to therapy in patients with lung cancer and SVCS may have an impact on survival. In one series, 
those who did not respond to nonoperative therapy within 30 days had a significantly lower rate of one-year survival (7%) than those who did respond to therapy (17% 
to 24%).17 Patients who receive no therapy or who develop mentation changes and airway compromise have a median survival of only six weeks. 5,92

FIGURE 62.8. Survival by histology of 337 patients with malignancy and superior vena cava syndrome at the M.D. Anderson Cancer Center.

Surgery

Because of the infrequency of bypass procedures, large collections of patients from single centers do not exist. Moghissi and colleagues reported a series of 43 
patients with bronchogenic carcinoma who underwent bypass procedures for malignant SVCS. 20 This group experienced an operative mortality rate of 4.4% and an 
average survival of 32 weeks. Stanford and Doty, reviewing their series of six patients with SVCS from lung cancer, noted no operative mortality and a mean survival 
of 10.8 months.5 The mean survival for those who did not undergo bypass was 8.2 months. In each of the series, immediate graft occlusion rates were low and 
long-term patency rates were unknown. In the few patients with lung carcinoma who have undergone SVC resection, one, from the six-patient series of Dartevelle and 
colleagues106 and 107, died of pneumonia after surgery, whereas no operative mortality was noted in three other small series. 93,94 and 95 In none of these series did 
surgery have a significant impact on long term survival rates.

The purpose of bypass procedures is to provide immediate relief of the SVCS prior to the patient's undergoing more definitive treatment for the underlying disorder. 
The objective is not to provide sustained rechanneling for blood flow but to palliate the patient by promptly alleviating symptoms before administering more definitive 
therapy directed at the tumor. It is believed that most bypass grafts placed in patients with malignant obstructions become occluded within five to six months. Usually, 
by the time the graft becomes occluded, the vena caval obstruction has been adequately relieved by the development of collateral vessels, recanalization of the SVC, 
or reduction of the tumor compressive effects. In most patients the SVCS will not return, and if it does, it usually will do so without significant symptoms.

Endovascular Stents

The Wallstent and Gianturco stent have been the most common endovascular devices used for treatment of SVCS ( Figure 62.9 and Figure 62.10), though the Palmaz 
stent has also been used with success.51 Clinical experiences are limited, because this technique for management of SVCS has truly evolved during this decade, but 
the uniformly successful results suggest that stent placement should be considered the optimal form of management. Several clinical groups comprising the largest 
experiences have established that the procedure for insertion is straightforward and can be performed with a low complication rate. Kee and colleagues 54 performed 
catheter-directed thrombolysis and/or endovascular stent placement to treat SVCS. They achieved technical success in 56 of 59 patients (95%) with mortality and 
morbidity rates of 3% and 10%, respectively. Mathias and colleagues 96 had a success rate of 96% using Gianturco and Wallstents in 176 patients with SVCS. Overall 
success rates have ranged from 85% to 96%.54,55 and 56,96,97 and 98 Mortality has ranged from 0% to 4%.47,55,56 The most common complication is early stent thrombosis 
8% to 20%.100 Late thrombosis (more than a month postprocedure) is manifested by recurrence of symptoms (5% to 45%) and has been successfully treated with 
further thrombolysis or further stent insertion. 47,53,54,55 and 56,97,99,100 It is significantly reduced when chronic anticoagulants (warfarin, platelet inhibitors) are administered 



following the procedure.101

FIGURE 62.9. A: A right-arm venogram shows occlusion of the SVC with adjacent collateral vessels. B: Two Wallstents have been placed after transluminal dilation. 
A repeat venogram shows excellent patency of the SVC.

FIGURE 62.10. A: Bilateral upper extremity venography shows significant stenosis of the upper SVC with collateral flow and reconstitution of the lower SVC. B: 
Repeat venography following SVC dilation and placement of two Wallstents demonstrates near-normal flow into the right atrium. C: Computed tomography of the 
same patient shows tumor surrounding the SVC that contains the stent.

Stent placement for SVCS provides rapid relief of symptoms within six to 48 hours in most patients, as opposed to the relief associated with radiotherapy, which 
gradually evolves, beginning three to seven days after the initiation of treatment. Nicholson and colleagues 98 prospectively compared radiation therapy to stent 
placement for patients with SVCS. They concluded that stent placement was a more effective palliative therapy and recommended that stent placement should be the 
procedure of choice.

CONCLUSIONS

SVCS is commonly caused by lung cancer and requires prompt recognition and management. In the absence of tracheal compression and airway compromise, 
however, the syndrome is rarely an oncologic emergency. Management depends on the etiology of the obstructive process and should not be undertaken until a 
diagnosis is obtained. Traditionally, patients with SVCS secondary to lung cancer have been treated with nonsurgical methods, which include appropriately directed 
chemotherapy and radiotherapy. Operative decompressive measures are rarely necessary, though they can be accomplished with good palliation and low morbidity. 
Over this decade, percutaneous implantation of endovascular stents has proven to be an excellent and safe palliative measure for the relief of SVCS. It provides 
prompt and sustained resolution of symptoms with minimal morbidity. In the setting of SVCS secondary to lung cancer, endovascular stent placement not only should 
be considered the optimal method of treatment but also should be considered early in the course of management.
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EPIDEMIOLOGY OF LUNG CANCER IN THE ELDERLY

Cancer is a major concern for people age 65 and older, with 58% of all cancers occurring in this segment of the population. Incidence data from the National Cancer 
Institute's (NCI) surveillance epidemiology and results (SEER) have shown that older persons have a 10 times greater risk of developing cancer than those individuals 
under age 65. In the United States, the leading cause of cancer deaths in men and women is lung cancer. When incidence rates are calculated for age specificity, 
lung cancer rates escalate to more than 500 per 100,000 persons for those 70 to 84 years of age, with a peak of 567 per 100,000 in the 80–84-year-old group. In 
women, lung cancer incidence rates peak in the 70–79-year-old group, with more than 200 per 100,000. The number of older people who will develop lung cancer is 
expected to increase as the smoking exposure time effects on birth cohorts become more apparent.1

An American Cancer Society study provides further insight into the risk of lung cancer mortality as a function of age and smoking history. 2 In a prospective cohort 
study of more than 900,000 people, with 6 years of follow-up, the absolute risk of lung cancer mortality was compared in individuals who had never smoked, those 
currently smoking, and former smokers. As expected, those individuals who quit smoking early in life had a lower lung cancer death risk, and the risk for those who 
were former smokers was significantly lower than those who continued to smoke. However, the influence of age was remarkable ( Figure 63.1). The lung cancer death 
risk for those who stopped smoking between the ages of 30 and 49 rose gradually with age at a rate slightly greater than for those persons who had never smoked. 
For a person who quit smoking between the age of 50 and 64, the lung cancer death risk leveled off at the risk attained at the time of quitting until around the age of 
75 when it significantly increased. The annual lung cancer mortality for current smokers at age 75 was estimated at 1 per 100 for men and 1 per 200 for women ( Table 
63.1). Nonsmokers have a relative risk of lung cancer death of 0.05 or less compared to current smokers. However, former smokers had a relative risk of lung cancer 
death of approximately .45 if they quit smoking in their early 60s, 0.20 if they stopped smoking in their early 50s, and 0.10 for those who had stopped smoking in their 
30s.

FIGURE 63.1. A: Model estimates of lung cancer death rates by age for male current, former, and never smokers, based on smokers who started at age 17.5 and 
smoked 26 cigarettes per day. Estimates are plotted for current smokers (solid line), never smokers (dotted line), and former smokers (dashed lines). The five 
age-at-quitting cohorts are distinguished by the following symbols on the graph at the age of quitting and also at age 80: D 30–39, à 40–49, ¨ 50–54, ¡ 55–59, Ñ 
60–64. B: Model estimates of lung cancer death rates by age for female current, former, and never smokers, based on smokers who started at age 18.5 and smoked 
22 cigarettes per day. Estimates are plotted for current smokers (solid line), never smokers (dotted line), and former smokers (dashed lines). The five age-at-quitting 
cohorts are distinguished by the following symbols on the graph at the age of quitting and also at age 80: D 30–39, à 40–49, ¨ 50–54, ¡ 55–59, Ñ 60–64.

TABLE 63.1. ESTIMATED RR OF LUNG CANCER DEATH FOLLOWING SMOKING CESSATION: NEVER AND FORMER SMOKERS COMPARED WITH 
CURRENT SMOKERS

In terms of reducing risk of lung cancer mortality, stopping smoking at any age is beneficial, but it is much more beneficial for those quitting at a younger age. It was 
also shown that even though absolute lung cancer risks can plateau following smoking cessation, the lung cancer risk for former smokers is still consistently greater 
than for those who have never smoked.2

In addition to age effects, a dose-response relationship exists for smoking and lung cancer. The risk for lung cancer increases with longer smoking duration and 
greater number of cigarettes smoked, early age of onset of smoking, greater use of unfiltered cigarettes, high tar and nicotine content, and greater degree of 
inhalation. 3,4 A survey of tobacco use found that older smokers smoked cigarettes with a higher nicotine content than younger smokers, although the number of 
cigarettes smoked per day was similar.5 In this analysis, it was estimated that 50% of Americans age 21 to 49 years were ever smokers, including 31% current 
smokers and 22% former smokers. In the older population, age 50 to 74, 58% were ever smokers, including 23% current smokers and 35% former smokers. Even 
though the older smokers had smoked for more than twice as many years as the younger group, the AUTS survey showed very little difference between older and 
younger smokers, either in smoking habits or quitting history. Although the older smokers had smoked longer, they did not report an increased number of quitting 
attempts.6



CLINICAL PRESENTATION AND EARLY DETECTION

Most patients with lung cancer are symptomatic at the time of diagnosis. Unfortunately, the symptoms they present with are often caused by locally advanced or 
distant disease. Depending on the location of the tumor, patients can present with a variety of signs or symptoms. Unfortunately, many of the symptoms of lung cancer 
are nonspecific, and in elderly patients these symptoms may be attributed to comorbid disease. This often can result in a delay in diagnostic testing for the older 
patient. In a study by DeMaria and Cohen, it was shown that patients of all ages had similar presentation of cough, hoarseness, dysphagia, and weight loss. However, 
patients greater than 70 years of age presented more often with dyspnea but less often with chest pain than did younger patients. 7

Although routine screening for lung cancer has not been recommended, this is currently being reevaluated. High-risk patients (smokers/former smokers) over age 65 
might benefit from screening because of the high incidence of lung cancer in this population. The prospective randomized studies using serial chest x-rays 
complemented by sputum cytology did not demonstrate that intensive screening led to a lower death rate, but these studies focused on a younger population, largely 
45–55, where the incidence is substantially lower. In addition to the high frequency of lung cancer in the elderly, data suggest that lung cancer may present at a less 
advanced stage with increasing age.8 Twenty-two thousand, eight hundred seventy-four cases from the centralized cancer patient data system information were 
analyzed. The percentage of lung cancer patients with local disease increased from 15.3% for patients age 54 years of younger to 25.4% for those 75 years or older. 
In addition, 6,332 cases were analyzed after undergoing surgical staging, and there was a greater likelihood of local stage disease as age increased. Screening trials 
targeted at the elderly with current techniques are warranted. In the interim, the clinician should now have a high index of suspicion for lung cancer in the older 
smoker or former smoker and have a low threshold for obtaining a chest x-ray in this population when symptoms arise.

TREATMENT APPROACHES IN THE ELDERLY

Even though cancer is a disease of the elderly, older patients are often treated less aggressively. This may be due, in some cases, to the presence of comorbid 
conditions in the elderly. Whether young or old, the patient's ability to tolerate treatment is of great importance, whether the planned treatment is surgery, radiation 
therapy, chemotherapy, or multimodality. Older patients have the same right as younger patients to take part in the decision-making process about their treatment. 
Cancer is no less a devastating illness to an elderly person than to a younger person. For most older patients, quality of life is equally important, and they often prefer 
improved quality over quantity of life. 9

Non–small cell lung cancer (NSCLC) represents 80% of all lung cancers. Treatment recommendations for patients with NSCLC have clearly been affected by the age 
of the patient at presentation. Younger patients, despite presenting with more advanced disease, are more likely to be offered surgical resection than older patients. In 
older populations, the option of surgery may be more limited because of associated comorbidity or because of beliefs within the medical community that chronological 
age automatically excludes an aggressive surgical approach. 10 By contrast, age seems to have less influence on whether patients are offered radiation therapy. 11 
Lung cancer is one of the most common tumors treated with primary radiation therapy in the over 65 age group. Despite this, studies evaluating the benefits and 
toxicities in the elderly are limited.

The therapeutic nihilism that has surrounded the role of chemotherapy in NSCLC is even more pronounced in treatment decisions regarding the elderly. Many 
physicians are hesitant to subject older patients to aggressive chemotherapy. However, studies over the last decade have shown that elderly patients may be able to 
cope with the impact of chemotherapy as well as younger patients. 12 Older patients do not report any greater frequency of toxic side effects, and when compared to 
younger patients, often experience lower levels of emotional distress and life disruption.

Lastly, the “quantity of life” available to the elderly is often underappreciated by health care providers and needs to be factored into any treatment decision. An 
80-year-old American man has a current life expectancy of 6.7 years and an 80-year-old woman has a life expectancy of 8.8 years. At age 85 a man can expect to live 
5.3 years and a woman 6.7 years.13 In addition, a 75-year-old can expect 75% of his or her remaining years to be spent active as opposed to dependent. At age 85, 
about 50% of one's life is independent. 14 With this in mind, the degree of potential for quality longevity far exceeds the expected survival of untreated or treated lung 
cancer patients at any stage.15

As the population ages, the number of older patients presenting with lung cancer will indeed increase. In the past, this older age group has been under-represented in 
clinical studies, resulting in a general decreased knowledge and, therefore, uncertainty about the best management of the older lung cancer patient. Fortunately, 
recently studies have begun to clarify the treatment options for this population and are reviewed here.

SURGERY IN THE ELDERLY LUNG CANCER PATIENT

Surgical treatment of lung cancer in the elderly patient is still a controversial area because of concern about the increased morbidity and mortality from pulmonary 
resection in the older patient. However, as the life expectancy rises and numbers of elderly people increase, surgeons and oncologists will be faced with increasing 
numbers of patients in their 70s and 80s who present at a resectable stage. The observation from cancer center databases that the older patient may actually present 
with an earlier stage lung cancer, 8 is supported in surgical series. 16 In the report by Gebitekan from the European Journal of Cardiothoracic Surgery, 58% of patients 
above the age of 70 presented with stage I disease versus 40% in younger patients, whereas 13% of older patients had stage III disease versus 22% in the younger 
population.

In the 1970s, Thompson-Evans reported the outcomes of surgical treatment in the elderly. 17 He showed that patients aged 65 years or more were resectable in a 
range comparable to that of younger patients. Twenty-three percent were operable and 15% were suitable for curative resection. However, the operative mortality 
exceeded 15%, making the benefits debatable. Over the last two decades with refined staging approaches and improved surgical techniques and postoperative 
support, considerably lower mortality rates have been reported.

Massard et al. reviewed 1,616 patients who underwent thoracotomy for lung cancer from January 1983 to December 1992 with 233 patients age 70 years or more, at 
the University Hospital in Strasbourg, France. 18 Twenty-nine percent of these patients had no medical history, 26% had a history of cardiovascular disease, and 19% 
had a previous history of malignancy that was in complete remission; 48% of patients were stage I, 17% stage II, and 30% stage III. Two hundred ten patients were 
able to undergo resection, with 60 receiving pneumonectomies and 150 lobectomies. A total of 16 patients died postoperatively—7.2% for the whole series, 10% after 
pneumonectomy, and 6.6% after lobectomy. The mortality was similar below and above 75 years. The five-year survival for stage I was 45%, 36.3% for stage II, and 
13.8% for stage III, with an overall five-year survival of 39.9%. Survival was not influenced by age.

In a series from St. Rafael and Yale New Haven Hospital, Pagni et al. reviewed the short-term and long-term results of pulmonary resection with the intention of cure 
from lung cancer in patients 80 years and older. 19 There were 54 octogenarians, which represented 4% of 1,328 operations for lung cancer between 1980–1995. 
There were 28 men and 26 women, with the mean age of 82 years in the range of 80 to 88 years. Thirty-one percent of these patients had chronic obstructive 
pulmonary disease, 24% had a history of angina pectoris, myocardial infarction, or cardiac arrhythmia requiring treatment, and 19% had previous treatment for 
malignant disease or were free of evidence of recurrence at the time of their lung cancer operation. None of these patients received induction chemotherapy or 
chemotherapy/radiotherapy with the exception of two patients who were treated with preoperative radiation for clinical nodal stage III-A disease. The types of surgery 
performed were 43 standard lobectomies, 2 extended lobectomies, 2 bilobectomies, 3 lower lobe superior segmentectomies, 3 wedge resections, and 1 left 
pneumonectomy. There were two perioperative deaths for a 3.7% operative mortality rate. Twenty-three patients had nonlethal complications, with cardiac problems 
making up the majority of these complications. There were six nonfatal problems, which were considered major complications because they extended the hospital stay 
and required unusual intervention. These problems were air leaks, congestive heart failure, pneumonia, recurrent laryngeal nerve injury, and reoperation for 
evacuation of hemothorax. Minor complications occurred in 17 patients, including atrial arrhythmia, urinary retention, depression, or confusion. Forty-nine of the 52 
patients were discharged to home after their operation; however, three patients required temporary care at a convalescent facility. The actuarial survival of the 52 
discharged patients was 86% at 1 year, 62% at 3 years, and 43% at 5 years. For stage I patients, survival was 97% at 1 year, 78% at 3 years, and 57% at 5 years. 
Those patients with more advanced lung cancer did poorly. There were 13 patients in this group and only two were alive at 8 and 27 months after the operation. The 
remainder died between 4 and 40 months postoperatively. The median survival for the combined stage II and III cohort was only 15 months. The authors concluded 
that age in the 80s was neither a contraindication to operative treatment nor routine indication for lesser resection.

In a second study evaluating the surgical treatment of lung cancer in octogenarians, Hanagiri et al. reviewed 20 patients aged 80 or older who underwent surgery for 
lung cancer in Japan.20 In this review, the authors found that the postoperative complication rate was 50% in patients over 80; however, there were no fatal 
complications. The most common postoperative complication seen in these patients was transient cardiorespiratory complications such as difficulty in expectoration 



and arrhythmia. A five-year survival rate was 42.6%, which was similar to that obtained in younger patients.

From the University of Milan, Italy, Santambrogio et al. compared the short- and long-term results of treatment of patients age 70 and older with a group of younger 
patients undergoing surgical treatment for lung cancer. 21 From March 1986 to March 1997, 424 consecutive patients were evaluated. These patients had documented 
NSCLC stage I or II. Of 519 evaluable cases, 54 were age 70 or over and 465 were between the ages of 40 and 69 with a mean age of 58. Although the composition 
of the two groups was homogeneous, for the most part, there was noted a reduced forced vital capacity and FEV1 in the patients over 70 as well as significantly 
higher incidence of risk factors, including heart disease, hypertension, diabetes, chronic obstructive pulmonary disease (COPD), and peripheral vascular disease. For 
both groups, the most frequent operation undertaken was lobectomy; however, pneumonectomy was performed significantly less in the older patient group. The 
operative mortality as occurring within 30 days of surgery was 5.5% in the older group and 1.3% in the younger group. The total complications were 7.4% and 6.9%, 
respectively. At 5 years, patients with stage I disease, the older group had a 52% survival and the younger patients had a 57.8% survival. In stage II disease, five-year 
survival was 50% and 30.6% in the older and younger groups, respectively. In another study from Milan, Italy, Cicraco et al. determined that the postoperative 
outcome and survival at 12 months in patients 70 years or older, who underwent surgical resection for stage I, II, or III-A disease, was determined not by stage or 
histology but by the postoperative complications and concomitant cardiopulmonary disease. 22 Seventy-six patients underwent surgical resection between January 
1992 and June 1996. There were 15 cases of postoperative complications and a 30-day operative mortality of 1.3%. Overall actual survival at 54 months was 53%. 
Mortality at 12 months was found not to relate to the stage of disease, histology, or whether patients underwent lobectomy versus wedge resection. Specifically, 
compromised preoperative pulmonary function and spirometry and concomitant cardiac disease were predictive of postoperative complications.

From these series of lung cancer patients undergoing surgery, 18,19,20,21 and 22 it appears clear that the operative mortality and postoperative complication rate has 
substantially decreased in the 1990s compared to the 1970s. In addition to better preoperative staging of these patients, significant improvements have been made in 
pre- and postoperative care. Furthermore, because all of these studies are retrospective, patient selection continues to be a critical factor in achieving comparable 
surgical outcomes in the elderly compared to younger patients. Even in this setting, it is clear that the comorbid cardiac and pulmonary disease does lead to a 
somewhat higher, although fortunately manageable, complication rate in these series of patients. Thus age alone should not be a factor in determining the best 
operative procedure for lung cancer patients with adequate physiologic status and functional reserve.

For patients who do have significant pulmonary compromise that might otherwise preclude standard surgical approaches, newer minimally invasive techniques have 
been developed that may be particularly useful in the elderly population. Preliminary reports have suggested that video-assisted lobectomy can be performed in the 
elderly23 with less morbidity. Secondly, thoroscopic surgery24 is a useful diagnostic and potential therapeutic tool in this population. One report of video-assisted 
thoroscopic surgery for partial pulmonary resection for lung cancer in elderly patients with severe emphysema demonstrated not only successful removal of the tumor 
but actual improvement in the pulmonary function. 25 Thus in appropriate candidates such pulmonary resection may not only remove the cancer but also improve 
underlying pulmonary function. These small series of patients require larger prospective surgical trials to better define both the short-term complications of this 
procedure as well as long-term benefits compared to more standard surgical approaches. In the interim, however, the standard surgical staging of mediastinoscopy 
takes on an even more important role in the elderly lung cancer patients to be as certain as possible about the nodal status of the patient before undertaking definitive 
surgical resection.

RADIATION

Radiation is an important treatment modality in the management of lung cancer. The acute side effects of radiation may result in physicians altering or interrupting a 
course of treatment in elderly patients. This action may compromise the efficacy of treatment even though most of these side effects are reversible. In contrast, the 
late side effects of radiation therapy may be neglected in older patients but can significantly impact on quality of life. Pignon et al. reviewed radiation data from 
patients treated on European Research Organization for Treatment of Cancer, (EORTC) trials to determine the influence of age on the frequency and severity of 
acute and late side effects of radiation therapy and if the prognosis of tumors sufficiently differed between patients of six age groups. 26 One-thousand three-hundred 
seventy-seven patients with lung cancer or esophageal cancer enrolled from 1976 to 1987 in six trials initiated by the lung cooperative group or by the gastrointestinal 
cooperative group of the EORTC were examined. Survival and toxicities according to age were analyzed in six age groups: less than 50, 50–54, 55–59, 60–64, 65–70 
and more than 70 years. Data regarding age and acute toxicity were available for 1,208 patients who experienced 640 greater than 1 World Health Organization 
(WHO) toxicities. Of the patients evaluated for nausea, 30% had toxicity. The difference in distribution of the occurrence of nausea between age groups was not 
significant, but there was a trend toward more nausea in the younger age groups. Only two cases of grade IV nausea were seen in the 55–59 and 60–64-year-old age 
groups. Weight loss during the treatment affected 228 of 470 patients evaluated. By contrast to nausea, there was a statistical difference in the distribution of weight 
loss with regard to age with a trend toward more weight loss in the older patients (p = .0002). Common symptoms included 16% of patients experiencing dyspnea, 
30% esophagitis, and 23% weakness. There was no difference in the distribution of these complications according to age.

There was also no significant difference in the distribution of WHO performance status in relation to age; change in performance status was evaluated in 112 patients 
during radiation therapy, and they did not show an age effect. Regarding late side effects, 1,082 grade more than 1 late toxicities were recorded in 935 of 1,106 
patients available for analysis, after 90 days. Approximately 40% of patients were free of late toxicity at 4 years in each age group. The comparison of late toxicity for 
all complications and all grades in each age group showed no significant difference in the actuarial incidence of late effects among age groups. When the analysis 
was restricted to grade more than 2 toxicities, there was a trend for more severe complications in older groups. However, only esophagitis demonstrated a significant 
difference with a higher frequency in the older patient (p = .01). Importantly, overall survival was related to stage and no differences were reported between the 
various age groups. These results, similar to the surgical data, suggest that age alone is not a reason to withhold another standard radiation treatment in the elderly 
patient with adequate physiologic reserve. Lastly, the addition of chemotherapy to radiation therapy had no influence on late complications as a function of age. 
Specifically, posttreatment weakness was noted to be equally distributed in all age groups. This finding is important because a common reason for applying a 
shortened course of radiation, or less aggressive treatment, in older patients is to reduce the duration to decrease the risk of fatigue.

In a study from Japan conducted between 1976 and 1992, 32 patients age 75 and older with a mean age of 79 years and 11 patients over 80 years with stage I and II 
NSCLC were given definitive radiation therapy. 27 Four patients were T1N0, 9 patients were T2N0, and 19 patients were T2N1. Twenty-six patients had a performance 
status of 0 to 1 and six patients had a ³ 2 performance status. A total dose more than 60 Gy radiation was given to each patient, and all 32 patients completed 
treatment without treatment-related complications. The two-year survival rate was 40% and the five-year overall survival rate was 16%. There were 11 intercurrent 
deaths with 7 patients dying with heart disease. The two- and five-year cause-specific survival rates were 57% and 36%, respectively. In Japan most patients receive 
radiation treatment as inpatients, and all but three patients on this study were treated on an inpatient basis. None of the patients developed pneumonitis requiring 
hospitalization.

Another retrospective study of radiotherapy for lung cancer patients age 75 years and over by Patterson et al. from the United Kingdom concluded that radiation 
therapy for elderly patients with lung cancer is well tolerated with similar responses as seen in younger patients; 28 however, patient selection was deemed important. 
There were 149 patients over 75 years of age referred for radiation therapy. Eighty-three percent of these patients were ambulatory and independent in self-care but 
12% were dependent. These patients had non–small cell and small cell carcinoma of the lung, 24% had known metastatic disease, and 91% had received previous 
treatment either with surgery or chemotherapy. No patients received chemotherapy during radiation. One hundred forty-two patients received radiation therapy, 8 
received aggressive treatment with curative intent because they were either unfit or refused surgery, and 134 patients received palliative radiotherapy, 25 receiving a 
single fraction, 104 receiving two to five fractions over 1 week, and 5 patients were treated 9 to 14 days. One patient died before completing the treatment. The most 
common pretreatment symptoms reported by about 50% of the patients were cough and breathlessness. Hemoptysis and chest pain were seen in one-third of the 
patients and one-quarter of patients experienced weight loss. A complete or moderate response was reported in 80% of patients with hemoptysis (34/44), 56% with 
chest pain (25/45), 44% with dyspnea (32/73), 25% with cough (14/57), and 18% with dysphagia (2/11). Twenty-five patients reported side effects, 12 with dysphagia, 
7 with lethargy, and 5 with pain. These reported side effects were for the most part graded as mild (61%), 50% (4/8) patients who received aggressive radiotherapy 
were alive after 21 to 25 months, the mean survival being 12 months. Only 4 (3%) of the 133 patients who completed palliative radiotherapy were alive 15 to 24 
months later with the mean survival being 5 months. Thus these institutional experiences suggest that radiation treatment can be delivered in the lung cancer patient 
over 75 years of age with curative 27 or palliative28 intent, with results comparable to younger patients.

Combined modality treatment with radiation therapy and chemotherapy in patients with unresectable stage III NSCLC is becoming standard of care in good 
performance status patients, as discussed elsewhere in this book. Older patients have been included in many of these trials, but studies evaluating combined modality 
aproaches in NSCLC as a function of age are limited. By contrast, radiation therapy and chemotherapy as a combined modality has been a standard of care for 
limited-stage small cell lung cancer (SCLC) for many years, and trials evaluating this approach in the elderly have been reported. A treatment regimen consisting of 
carboplatin and etoposide with accelerated hypertractionated radiation therapy achieved encouraging results in elderly patients with limited-stage SCLC. 29 
Seventy-five patients who were 70 years of age or older with Karnofsky performance status greater than or equal to 60 and no other major medical problems were 
treated on this protocol. The patients received carboplatin at 400 mg/m 2 on days 1 and 29, oral etoposide 50 mg/m2 on days 1 through 21 and days 29 through 49, 



with accelerated hyperfractionated radiation at a dose of 1.5 Gy twice daily for a total dose of 45 Gy beginning on day 1 of treatment. There was a median follow-up of 
61 months with a response rate of 75% complete response in 57% of patients and a median survival time of 15 months. The two-year survival rate was 32% and the 
five-year survival rate 13%. Grade III toxicities included leukopenia in 8.3% of patients, thrombocytopenia in 11% of patients, and esophagitis in 2.8% of patients. 
Only one patient experienced grade IV thrombocytopenia. There was no grade III or higher late toxicity seen. Fifty-two of the 61 patients who began treatment with a 
Karnofsky performance status of less than or equal to 90% had an improvement in their performance status.

In a retrospective review of two studies from the NCI Canada in which patients with limited-stage SCLC were randomized to received combined modality therapy, 88 
of 608 patients were 70 years or older.30,31 The conclusion of this study was that potentially curative combined modality therapy for limited-stage SCLC should not be 
withheld from patients because of their age. In this trial there were two arms: patients could, on arm A, receive CAV chemotherapy for three cycles alternating with 
etoposide/platinum chemotherapy for three cycles or CAV chemotherapy followed by etoposide/platinum chemotherapy for three cycles. In this arm, patients received 
radiation at week 18 for 25 Gy in 10 fractions or 37.5 Gy in 15 fractions. In the second arm, patients received CAV for three cycles alternating with etoposide/platinum 
for three cycles and then were randomized to receive either early thoracic radiation beginning at week 4 for 40 Gy at 15 fractions or late thoracic radiation beginning 
at week 16 for 40 Gy at 15 fractions. There was no significant difference in the tolerance between the two age groups; however, there was a trend toward a greater 
number of days required to complete treatment in patients receiving the late thoracic radiation with a greater variation seen in the older population. There were similar 
incidence of both acute and late grade III or IV toxicities between the two age groups. Incidence of esophagitis was not noted to be increased for the elderly group, 
although it was increased for all patients with increasing doses of radiation. There was no significant difference in response rates, local relapse rate, or overall 
survival in the two groups. The authors concluded that it is possible to administer combined modality therapy with chemotherapy and thoracic radiation safely in older 
patients presenting with limited-stage SCLC.

Although these results may differ in NSCLC patients, at a minimum it suggests that combined modality approaches should be evaluated in physiologically fit elderly 
patients with inoperable stage III NSCLC in an attempt to offer curative therapy.

Chemotherapy In the Elderly Patient

Of all the treatment modalities, the use of chemotherapy in the elderly has remained the most controversial. This relates to a variety of factors, including the 
perception of limited benefit of chemotherapy in NSCLC in general, as well as the potential for increased toxicity in the elderly. Over the last decade (as discussed 
elsewhere in this book), the benefit of chemotherapy has been well recognized in patients with advanced-stage cancer, as well as in patients with locally advanced 
disease in combination with either radiation treatment, surgery, or both. Unfortunately, most of the clinical trials that have documented this benefit have focused on 
patients in general younger than 70. In addition, most of the trials that have documented the benefit of chemotherapy have been combination chemotherapy regimens 
including cisplatin. Therefore, because of the relatively small database with regard to the benefit of combination chemotherapy in the elderly as well as the presumed 
increased toxicity in this population, there has been a reluctance to treat elderly patients with advanced NSCLC in the same way that younger patients have been 
treated. Fortunately, in the last few years several trials specific to the elderly have been conducted that clarify the benefits of treatment in this population.

In treatment of patients with advanced NSCLC, the most consistent factor predicting for survival has been performance status. 32 Of interest in this review published by 
Dr. Albain from the Southwest Oncology Group (SWOG) experience, increasing age in fact had a positive influence on survival. This may reflect a somewhat different 
biology of lung cancer in the elderly or simply that physician selection of elderly patients might be even more rigorous than in younger patients enrolling on 
chemotherapy trials. A more recent report reviewed the outcome of chemotherapy in patients with advanced NSCLC treated at the Royal Marsden Hospital from 
1990–1995.33 Of the 290 patients enrolled, 44% were over the age of 60 and 12% were over the age of 70. A variety of combination chemotherapy regimens were 
administered. In a multivaried analysis of the overall population, poor performance status elevated alkaline phosphatase more than 2 times normal, extensive-stage 
disease, and hypoalbumenia were all predictors of poor survival. However, in this study, age had no influence either positive or negative on survival or symptom relief 
because equivalent benefit was seen across all populations.

Although these trials suggest that elderly patients with comparable performance status to younger patients may receive the same benefit of chemotherapy without 
added toxicity, preselection remains a major problem in interpreting the data of such retrospective reviews. Fortunately, several prospective trials targeting elderly 
patients have now been performed and reported. It is instructive to review the work of Gridelli 34 as an initial attempt to develop a less toxic regimen. Carboplatin at a 
dose of 300 mg/m2 intravenously on day 1 was combined with oral etoposide 100 mg per day for 7 days, with the treatment to be cycled every 4 weeks. Of the first 14 
patients treated, no objective response was observed and remarkable hematologic toxicity was recorded. 34 This regimen was developed to be “kinder and gentler” 
treatment, but declining renal function in the elderly was likely a significant factor in the toxicity of carboplatin dosed on body surface area. By contrast, Dr. Frasci 
performed another trial with carboplatin and oral etoposide, but in this study initiated carboplatin and an area under the curve (AUC) of 4, which allows correction for 
the decreased renal function in the elderly, and combined this with etoposide 50 mg twice daily orally for 14 days. 35 If no excess toxicity was noted, then the 
carboplatin dose was increased to an AUC of 5 on the second course and the etoposide course was extended to 21 days of administration on the third course. A total 
of 38 NSCLC patients over the age of 70 were enrolled in this trial. The overall response to treatment was 22%, with a median survival time of 11 months in the elderly 
patients. Of significance was that the quality of life improved in 41% of patients. Thus these phase II trials not nicely document that by adjusting chemotherapy for 
differences in organ function in the elderly, both improvement in clinical benefit and reduction in toxicity may be seen.

The new agents have had a major impact in the treatment of NSCLC with a potential to have an even greater impact in the elderly. The new agents (discussed 
elsewhere in this textbook) have significant advantages in terms of less fatigue and less effect on appetite and weight loss, which may be particularly important to the 
elderly. Also, because these agents have been largely tested with contemporary populations, more detailed toxicity data is available. Lastly, in order to establish the 
activity of these agents, single-agent studies have been conducted, and it appears that monotherapy may be a very appropriate alternative for elderly patients with 
advanced NSCLC.

Vinorelbine was the first new agent approved for treatment for NSCLC. 36,37 In the U.S. trial,36 single-agent vinorelbine at 30 mg/m2 intravenously weekly was 
compared to a five-day 5FU leucovorin regimen administered monthly. This trial documented a survival advantage for a single-agent vinorelbine compared to 5FU 
leucovorin with 25% of patients with stage IV NSCLC alive at 1 year compared to 16% on the control arm. Similar results were seen in the European trial. 37 In this 
study, both stage IIIb and IV patients were included, and the one-year survival for vinorelbine was 30% with a combination of vinorelbine and cisplatin superior at 
35%. In both of these trials, elderly patients were included, but the median age of the patients was 61. Therefore, limited conclusions can be made from these two 
trials about the absolute benefit of either single-agent vinorelbine or vinorelbine and cisplatin in elderly patients over 70. Of interest, in a subsequent analysis of the 
European trials,38 the benefit of cisplatin/vinorelbine in combination over single-agent vinorelbine was limited to patients with a performance status of 0 and 1. No 
additional benefit of the combination chemotherapy was seen in the performance status 2 patients.

In light of these data, it is interesting that Vernisi evaluated the role of single-agent vinorelbine in an elderly population of patients felt to be “unfit” for cisplatin-based 
chemotherapy. There were 23 patients over the age of 70 out of 83 patients treated. 39 In this study, the overall response was 30% and toxicities were mild with a 
median survival of 9 months. No effect of age on outcome was detected, and it was suggested that single-agent vinorelbine was a reasonable option for patients with 
advanced NSCLC, particularly in the elderly.

With this background, the most significant trial of chemotherapy in the elderly to date is the study performed by Dr. Gridelli and the Elderly Lung Cancer Vinorelbine 
Italian Study Group, also known as the ELVIS trial. 40 Elderly patients over the age of 70 with stage IIIb or IV NSCLC ineligible for radiotherapy with a performance 
status of 0 to 2 were enrolled in a trial that compared vinorelbine to supportive care alone. The vinorelbine dose was 30 mg/m 2 intravenously on days 1 and 8 with no 
planned dose on day 15. This three-week cycle was repeated for a maximum of 6 cycles of treatment. In addition to standard follow-up studies, a quality-of-life 
assessment was performed using the EORTC core questionnaire as well as the lung cancer specific module. A statistically significant survival advantage was seen in 
patients receiving vinorelbine (p = .03). The median survival was 28 weeks in the vinorelbine arm versus 21 weeks in the control arm, and survival of 1 year was 32% 
in the vinorelbine group and 14% in the control arm ( Figure 63.2). These survival outcomes are similar to, if not superior to, the U.S. trials of single-agent vinorelbine 
versus 5FU leucovorin in younger patients. Of the 71 patients assessed for toxicity of vinorelbine, treatment was stopped in five patients because of severe toxic 
events. Four of the five patients developed constipation after multiple cycles of treatment. Other milder toxicities, as the vinorelbine were seen, but despite the 
treatment-related side effects, there was an overall improvement in quality-of-life scores for patients receiving vinorelbine versus supportive care alone. This trial 
clearly establishes the potential benefit of single-agent therapy in the elderly population across the range of performance status categories. These results confirm the 
earlier work of Dr. Gridelli and colleagues in the phase II study that preceded the ELVIS trial. 41 This large phase II and phase III experience with vinorelbine in the 
elderly provides an excellent database against which other new agents or combinations may be tested.



FIGURE 63.2. Estimated survival according to treatment arm as calculated by the Kaplan-Meier method. Number of patients at risk by treatment arm is shown at the 
bottom. Pts, patients; vertical bars, representative of 955 confidence intervals.

A second agent that also has a favorable side effect profile has been gemcitabine. 42 Like vinorelbine, extensive studies have been performed with gemcitabine as a 
single agent in advanced NSCLC across a range of ages. Specific review of gemcitabine experience in patients over age 65 enrolled in phase II trials has also been 
reported.43 In these trials, gemcitabine dose ranged from 800 to 1,250 mg/m2 weekly for 3 weeks out of 4 with repeated monthly cycles of treatment. In these studies 
255 patients were under the age of 65 and 105 patients were over the age of 65. Of interest was the fact that the group under 65 had a median survival of 8.1 months 
and a one-year survival of 27%. By contrast, the older population had a median survival of 9.1 months and a 36% one-year survival. Several cycles associated with 
dose reduction or dose omissions in the mean number of treatment cycles administered were similar between the two groups. Although this trial has the same 
limitations as other retrospective reviews with regard to patient selection, it supports the conclusion that gemcitabine is active and well tolerated in elderly patients 
with NSCLC and may also be a potential consideration for monotherapy in the elderly. To help explore the relative benefits of vinorelbine versus gemcitabine, the 
Multiagent Italian Lung Cancer Elderly Trial (MILES) is ongoing, which is randomizing patients to single-agent vinorelbine versus single-agent gemcitabine versus the 
combination of the two agents. These trials will be invaluable in determining the relative benefits of chemotherapy in general and the new agents specifically in elderly 
patients with NSCLC.

Although monotherapy is certainly an appropriate alternative to combination chemotherapy in the elderly patients and those with lower performance status, for the 
higher performance status, physiologically fit, elderly lung cancer patients with potential curable NSCLC, a much larger prospective database is needed to establish 
the benefits of combination chemotherapy in stage III patients and in the adjuvant setting. Until such trials are performed, we must look to ongoing cooperative group 
trials that cross the age groups to determine relative benefits of combination chemotherapy in this population. Specifically, the taxanes, paclitaxel and docetaxel, have 
demonstrated substantial clinical activity as single agents and in combination treatment. Because of the increased toxicities associated with cisplatin in association 
with paclitaxel and docetaxel, there has also been a shift from cisplatin use to carboplatin use in combination with these agents. The relative benefits of these newer 
combinations are the subject of ongoing trials.

The initial report by the SWOG has suggested that cisplatin and vinorelbine and carboplatin and paclitaxel have a similar impact on survival in advanced NSCLC 
patients across the range of ages.44 Although detailed quality-of-life data and economic analyses are pending, there was a higher dropout rate noted for patients on 
the cisplatin arm of the study, supporting the better tolerability of carboplatin-based therapy. A second trial of major importance in this area is an ongoing trial 
performed by the Eastern Cooperative Oncology Group (ECOG) also comparing carboplatin and paclitaxel to three cisplatin-based regimens, including cisplatin and 
paclitaxel, cisplatin and docetaxel, and cisplatin and gemcitabine. Full analysis of this study awaits completion of the trial, but a preliminary analysis has suggested 
that the carboplatin arm of the trial had an improved toxicity profile compared to all three of the cisplatin-based therapies. 45 Because of the increased toxicity in the 
performance status to patients compared to historical controls in the ECOG database, the trial was closed to performance 2 patients. Analysis of the data, however, 
reflected statistical differences favoring carboplatin and paclitaxel over the other three arms of the study in terms of grade 3–5 toxicities. Survival data and other 
outcomes await completion of the trial and its subsequent analysis, but it appears from the safety data that carboplatin is the preferred platinum agent.

Lastly, a third trial of importance by the Cancer and Leukemia Group B (CALGB) is evaluating the role of single-agent paclitaxel versus carboplatin and paclitaxel. 
This trial is open to enrollment of performance status 0 to 2 patients, and a monitoring committee is in place to review potential toxicities seen in the performance 2 
patients. However, in view of the lower toxicity profile of this combination regimen in the ECOG trial, it is hoped that this trial will reach its completion. Because elderly 
patients are eligible for this trial and are being actively enrolled, it is hoped that this study will help address the relative benefit of monotherapy versus combination 
chemotherapy in elderly patients with NSCLC.

SUMMARY

Because of the demographics of lung cancer, the elderly population has become an increasingly important group for evaluation of the relative benefits of both curative 
and palliative approaches to this disease. In addition to the specific trials of surgery, radiation therapy, and chemotherapy that have recently been performed in this 
population, increasing experience is being gained in the supportive care of all cancer patients, and the elderly may particularly benefit from the improvements in pain 
management, reduction in hematologic toxicity, and in improving our understanding of fatigue as well as other supportive care approaches. The growing database and 
number of clinical trials specifically targeted to the elderly is encouraging and should be useful to the clinician and the patient in making informed decisions about 
treatment options in this disease.
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The global incidence of lung cancer is increasing at a rate of 0.5% per year, and is the leading cause of cancer mortality for both men and women in most countries. 1 
Although in North America the age-adjusted incidence rates for men began to decline in the 1980s, they continued to increase for women and are still increasing to 
this day. The average age of patients with lung cancer is also rising such that the age-specific incidence for men peaks at 75–79 years and for women at age 70–74. 
Incidence rates decline thereafter in both genders, likely due to the lower prevalence of smoking in the population at the beginning of the century. In some areas of 
the world, all-cancer mortality rates in the elderly have increased substantially over the past two decades, due almost exclusively to an increase in lung cancer and 
other tobacco-related cancers in both men and women.2,3

Small cell lung cancer (SCLC) accounts for approximately 20% of all pulmonary neoplsms, and unlike squamous cell lung cancer, which tends to increase in 
incidence with increasing age, SCLC appears to be equally distributed over all age groups. 4,5 Some investigators have shown an inverse relationship between age 
and stage of disease.5,6 This trend has been shown most clearly for patients with non–small cell lung cancer (NSCLC), but has also been reported in several series of 
small cell patients.5,6 and 7

It is clear that large numbers of elderly patients have lung cancer, including SCLC, for whom treatment decisions must be made. However, there are few data on how 
treatment for this group of patients differs or should differ from that of younger patients. Until recently, elderly patients were often excluded from clinical research 
trials, and few studies have been designed specifically for the elderly population. Goodwin et al. reported that although 31% of all adult patients with cancer were over 
70 years of age, only 7% of patients enrolled in the Southwest Oncology Group (SWOG) trials were in that age group. 8 Specifically, in the SWOG lung cancer trials, 
only 18% of the patients were over age 65, and 9% were over age 70. Dajczman et al. reported that only 1 of 81 elderly patients was enrolled on an experimental 
protocol for SCLC compared to 19% of patients age 60–69 and 28% of patients less than 60 years of age. 9 Furthermore, several investigators have shown that 
treatment of any kind may be withheld from elderly patients with SCLC despite a high expectation of benefit and even a chance of cure for patients with limited-stage 
disease.7,8,9 and 10 The University of Toronto group reported that over the 12-year period 1976–1988, only 78 of 123 patients (63%) age 70 years or greater were 
treated with chemotherapy (only one-third over age 80), and 25 patients received no treatment at all. 7 The most important determinant in the decision to treat or not to 
treat was performance status: only 38% of patients with performance status 3 or 4 received treatment, compared to 66% of patients with performance status 0, 1, or 2. 
Similar statistics were reported by de Rijke et al. from the Netherlands, where 52% of patients over age 70 were offered no treatment at all compared to 14% and 22% 
for patients age 50–59 and 60–69, respectively. 10

It would appear that the reasons for not referring older patients for investigation and treatment of SCLC are based on widely held beliefs and perceptions rather than 
on well-documented scientific data. It is possible that many primary care physicians assume that elderly patients have a limited life expectancy and, therefore, do not 
warrant treatment of malignant disease in general and lung cancer in particular. In fact, the life expectancy of a woman who reaches age 70 is 15 years, and 8–10 
years for a man that age.11 It is also a commonly held belief that elderly patients have a poorer prognosis and tolerate therapy less well than younger patients, 
perhaps due to the presence of other comorbid illnesses that commonly occur in this population. These issues will be addressed in the sections that follow. Finally, 
some physicians view the elderly as emotionally as well as physically frail, which may lead to the extreme of withholding not just treatment but even the diagnosis from 
older patients. However, this view does not seem to be justified, as shown by Nerenz et al. 12 and Ginsburg et al. 13

In view of these attitudes, it is clear that the treatment of elderly patients with SCLC requires critical evaluation. Should all elderly patients be offered the same therapy 
as younger patients, and if not, what guidelines are available to help determine which patients are most likely to benefit from treatment? Should treatment be 
attenuated in dose or duration, and is combined modality therapy appropriate in the older population? Should specific protocols be designed to meet the needs of the 
elderly patient? Because elderly patients were excluded from most clinical research trials until recently, it is difficult to address these questions with data that are not 
heavily influenced by referral bias and physician treatment bias. Furthermore, even in the overviews of large cooperative group databases, the extremely elderly 
population of over 75 or over 80 years of age is under-represented. Clearly, clinical trials for older patients are desperately needed. 14

AGE AS A PROGNOSTIC FACTOR

Several of the cooperative groups have analyzed their databases to determine the relative prognostic importance of various baseline clinical and laboratory factors in 
SCLC.15,16,17 and 18 There is universal agreement that stage is the most important determinant of prognosis, with median survival times of 12 to 16 months reported for 
limited-stage compared to only 7 to 11 months for extensive-disease patients. Other important clinical parameters include performance status, gender, and baseline 
level of lactate dehydrogenase (LDH). 15,16

A summary of the findings related specifically to age is shown in Table 64.1. The largest study was that of the SWOG database reported by Albain et al. 15 They found 
that age under 70 years was significantly favorable in both limited- and extensive-stage patients. Furthermore, age was significant even when entered into the Cox 
regression model of multiple prognostic indices. In a retrospective review of 1,521 patients, the Cancer and Leukemia Group B (CALGB) identified female gender and 
performance status as important predictors of survival in both limited- and extensive-stage disease. 17 Limited-stage patients older than 60 years had a higher mortality 
rate than younger patients (p < 0.008), but age was not predictive of survival duration among patients with extensive disease.

TABLE 64.1. THE IMPORTANCE OF AGE AS A PROGNOSTIC FACTOR IN SMALL CELL LUNG CANCER



Sagman et al. analyzed 614 patients from the University of Toronto database and reported a modest survival advantage for patients less than 70 years (RR 1.32, p = 
0.023);16 however, using recursive partitioning and amalgamation modeling (RECPAM) techniques, age was not significant and did not appear in any of the terminal 
pods of the four prognostic groups identified by the model. Albain et al. 15 also applied the RECPAM technique to the SWOG data set and identified four separate 
prognostic groups. Age was of importance only in the two limited-stage subgroups. This observation is similar to that reported by Spiegelman et al. for the CALGB. 17

Siu et al. analyzed the National Cancer Institute of Canada, Clinical Trials Group (NCIC-CTG) BR.3 and BR.6 trials in limited-stage SCLC to determine the influence 
of age on both outcome and chemotherapy delivery.18 This analysis is particularly important because all 618 patients received the same chemotherapy. They showed 
that, when analyzed as a continuous variable, age was of modest prognostic significance (p = 0.02), but when the survival of patients less than 70 years was 
compared to that of the older patients, there was no significant difference (p = 0.14). In fact, survival was similar for patients of all age groups, with the exception of 
the 13 patients age 75–80 who had significantly poorer survival than the rest of the group ( Figure 64.1).

FIGURE 64.1. Comparison of survival by age group: 0–64, 65–69, 70–74, and 75+. (From Siu L, Shepherd FA, Murray N, et al. Influence of age on the treatment of 
limited-stage small-cell lung cancer. J Clin Oncol 1996;14:821, with permission.)

Pignon et al. reported the results of a metaanalysis of 2,140 patients who participated in 13 randomized trials designed to assess the importance of thoracic 
radiotherapy in limited-stage SCLC. 19 The relative risk of death in the combined therapy group compared to the chemotherapy-alone group was 0.86 (CI 0.78–0.94, p 
= 0.001), and the benefit in terms of overall survival at 3 years was 5.4%. There was a trend toward a larger reduction in mortality in younger patients, with a relative 
risk of death in the radiation group being 0.72 for patients less than 55 years of age. In contrast, the relative risk of death was actually increased at 1.07 (CI 
0.70–1.64) with radiotherapy in patients over 70. Three-year survival rates estimated using the Kaplan-Meier method were 9.2% for chemotherapy alone compared to 
17.4% for chemotherapy and radiotherapy in patients less than 55 years. For patients over 70, the rates were 10.2% and 8.75%, respectively.

CHEMOTHERAPY

With the exception of two studies that included elderly patients among other poor-prognosis populations, 20,21 there have been no randomized clinical trials of 
chemotherapy for SCLC in the elderly. For that reason, it is necessary to rely on retrospective reviews of large data sets that have compared the results achieved by 
elderly patients to those of younger patients in the same cohort, or to small prospective trials designed specifically for the elderly population. The definition of elderly 
has not been standard in these studies and has even been as low as 55 years or greater. 23 Most reports dealing with SCLC, however, have used age 70 years or 
greater to distinguish between the young and the elderly.

Retrospective Reviews

The results of nine retrospective reviews have been summarized in Table 64.2.7,9,18,22,23,24,25,26 and 27 Several authors reported that many patients with SCLC were not 
offered treatment of any kind.7,9,22,24 In the Toronto Hospital review,7 25 of 123 patients received no therapy and 20 were offered palliative radiation only. Survival 
correlated significantly with treatment received, ranging from 1.1 months for those not treated to 10.7 months for those who completed four to six cycles of 
combination chemotherapy (p = 0.0001). Dajczman et al.9 also reported that suboptimal treatment was given to 57% of patients age 60–69 and 77% of patients over 
70. Furthermore, the administration of suboptimal treatment was associated with significantly poorer survival, although this was true across all age groups studied. 
Shepherd et al.7 and Dajczman et al.9 examined the possible reasons for withholding or delivering less than standard treatment to elderly patients, and both 
investigators reported that performance status was the most important determinant in decision making. In the Toronto study, 7 only 38% of patients with Eastern 
Cooperative Oncology Group (ECOG) performance status 3 or 4 were treated with chemotherapy. In fact, performance status played a greater role than age itself, 
stage of the tumor, or the presence of other comorbid diseases. Several investigators have reported that the elderly population have more comorbid illnesses than 
their younger counterparts; 7,9,22 however, even serious illnesses such as chronic obstructive pulmonary disease, atherosclerotic heart disease, hypertension, diabetes, 
and so on do not seem to influence the decision to treat the elderly patient, nor do they affect the ability to deliver therapy.

TABLE 64.2. RETROSPECTIVE ANALYSES OF CHEMOTHERAPY IN ELDERLY PATIENTS WITH SMALL CELL LUNG CANCER*

Once a decision has been made to treat with chemotherapy, elderly patients often receive lower doses than younger patients. Shepherd et al. 9 showed, once again, 
that the decision to reduce initial doses was based most often on performance status. Physician decision to reduce doses for the elderly is based largely on the 
perception of poorer bone marrow reserve in the elderly and poorer tolerance for other toxicities. Although there are theoretical reasons why physiological changes in 
the elderly might lead to higher area under the curve (AUC) drug concentrations, and hence increased toxicity, this does not always seem to be the case in clinical 
practice.28 Begg et al.29,30 reported that with the exception of methyl-CCNU and methotrexate, agents that are seldom used in the treatment of SCLC any longer, 
neither the frequency nor the severity of toxicity was increased in the elderly.

More recent studies have also shown that elderly patients, if they meet the criteria for entry into SCLC clinical trials, do not experience increased rates of toxicity. 18,31 
Siu et al. reported that grade 3 and 4 toxicity was not increased in elderly patients treated in two NCIC-CTG trials of limited SCLC in which patients received three 
cycles of cyclophosphamide, doxorubicin, and vincristine, and three cycles of etoposide and cisplatin. However, in an older study that used the more 
myelosuppressive regimen doxorubicin, cyclophosphamide, and etoposide, Poplin et al. 23 found that the incidence of fever and infection increased with age. Nou et 
al.26 also reported that although nadir blood counts were similar in patients less than or greater than 70 years of age, the rates of septicemia per course and lethal 
septicemia were significantly higher in the older patients. However, this group also used highly myelosuppressive combinations that included both methotrexate and 



CCNU. With the possible exception of peripheral neuropathy, 24 significantly increased nonhematologic toxicity has not been reported in any series to date. It would 
appear, therefore, that elderly patients of good performance status tolerate chemotherapy well, and that when regimens associated with modest degrees of 
myelosuppression are used, the risk of severe or fatal infectious complications is not increased.

Even though toxicity rates in elderly patients do not appear to be higher than those seen in younger patients, several authors have reported that elderly patients 
receive significantly fewer chemotherapy cycles than younger patients, and this situation appears to occur even in the stricter setting of a clinical research trial. 7,9,8,27 
Siu et al.18 reported that only 69% of elderly patients completed six chemotherapy cycles compared to 82% of younger patients (p = 0.01) in two NCIC-CTG trials. 
They did not find that the elderly patients had higher rates of dose reduction, although this finding has been reported by other authors. 9,27 When initial dose 
reductions, subsequent dose reductions for toxicity, and dose omissions are considered, the elderly population may actually received only one-half to two-thirds the 
treatment given to younger patients.

Clearly, the most important question to be asked is whether this attenuation of treatment in the elderly has a significant effect on survival. The results for the patients 
who received chemotherapy in several reported series are summarized in Table 64.2. All studies were retrospective reviews and some looked only at an elderly 
population, whereas others compared the results in elderly and young patients using variable age cutoffs. Siu et al. 18 showed that for patients with limited disease, 
response rates and median and five-year survival rates were similar for elderly and young patients. These observations are important because all patients were 
treated on a clinical trial and received the same chemotherapy. Poplin et al. 23 showed wider variations among four age subgroups of patients with limited disease 
(Figure 64.2), but it is interesting to note that the patients with the poorest survival were those in the youngest age group less than 55 years. Less difference was seen 
for patients with extensive-stage tumors (Figure 64.3). Other investigators who treated the elderly and the young with relatively uniform chemotherapy combinations 
reported similar response rates in both age groups, particularly for limited-stage disease patients, 9,26,27 and the Montreal group showed that median and two-year 
survival rates were similar for patients in three age groups if they were of good performance staus and received chemotherapy. 9 However, both Nou26 and Tebbutt et 
al.27 reported shorter survival for elderly patients, although the difference was statistically significant only in the Nou study 26 when examined in a multivariate analysis.

FIGURE 64.2. Kaplan-Meier survival plots for different ages; all patients had LD. (From Poplin E, Thompson B, Whitacre M, et al. Small cell carcinoma of the lung; 
influence of age on treatment outcome. Cancer Treat Rep 1987;71:291, with permission.)

FIGURE 64.3. Kaplan-Meier survival plots for different ages; all patients had ED. (From Poplin E, Thompson B, Whitacre M, et al. Small cell carcinoma of the lung; 
influence of age on treatment outcome. Cancer Treat Rep 1987;71:291, with permission.)

A closer examination of Table 64.2 shows that for each report that compares young to elderly patients, survival in the older group is less. Frequently, the differences 
were not statistically different in the individual studies, and further deductions should probably not be drawn in view of the variability in treatment delivered and the 
differing definitions of elderly. However, these data suggest that the true impact of age on treatment outcome still requires further examination. Furthermore, little can 
be said about chemotherapy for the extremely elderly. Siu et al. 18 reported that the patients with the worst survival in the NCIC trials were those in the 75–80 age 
group. Only 46% of patients completed all six courses of chemotherapy, and no patient survived beyond 2 years ( Figure 64.1). Patients over age 80 were excluded 
from all research trials until recently, and some authors have reported that patients in this age group are seldom offered chemotherapy of any kind, even that which is 
considered to be “gentle.”7 As the likelihood of surviving past 80 years of age increases, more attention will have to be paid to determining appropriate treatment for 
this group.

Prospective Trials for the Elderly

It is clear that some elderly patients can derive significant benefit from combination chemotherapy for SCLC. However, many investigators continue to question 
whether such treatment is appropriate for the elderly, and some have suggested that less aggressive treatment might be more appropriate even if this results in some 
compromise in overall response or survival rates. 25 Findlay et al.25 reviewed their results for 72 elderly patients treated with either intensive combination 
chemotherapy or less rigorous treatment using either single agents or reduced doses of combination chemotherapy. In the intensive group, there were three 
treatment-related deaths, but despite this, median survival was longer (36 weeks versus 16 weeks), particularly for patients with limited disease (43 versus 26 weeks). 
Although other investigators might have reached a different conclusion from these results, these authors summarized by saying that intensive chemotherapy for 
elderly patients results in higher response rates and higher toxicity but not a major survival benefit.

In an attempt to avoid the toxicity of combination chemotherapy without compromising efficacy, several groups have developed treatment strategies specifically for 
elderly patients with SCLC. The results of several prospective trials are summarized in Table 64.3.32,33,34,35,36,37,38,39,40 and 41 The epipydophyllotoxins, etoposide and 
teniposide, are among the most active agents for the treatment of SCLC, and as single agents produce response rates of 70% or more. Three trials of single-agent 
teniposide in the elderly produced conflicting results. Borke et al. 35 treated 33 patients (27 over age 70) and reported 90% response, median survival exceeding 8 
months, and virtually no toxicity. In contrast, Cerny et al. 36 reported only 48% response and an unacceptably high toxic death rate of five patients in the first cycle 
despite using the same dose and schedule of teniposide. This may have been due to the inclusion of seven patients of poor ECOG performance status 3. However, 
Cascinu et al.40 also reported a low response rate of only 23% without toxic deaths.



TABLE 64.3. PROSPECTIVE SINGLE-ARM TRIALS OF CHEMOTHERAPY FOR ELDERLY PATIENTS WITH SMALL CELL LUNG CANCER

Etoposide may be administered orally and is associated with only modest toxicity when used this way. 42 The Dublin group were among the first to use single-agent 
oral etoposide in the treatment of elderly SCLC patients. 32 Keane et al.34 treated 63 elderly patients with etoposide, 200 mg orally daily for 5 days, and reported an 
overall response rate of 76% and median survival of 38 weeks. Using slightly different doses and schedules of etoposide, other investigators have also found similar 
response and survival rates as shown in Table 64.3.

These favorable results led to two randomized trials of single-agent oral etoposide in the United Kingdom, one by the Medical Research Council (MRC) Lung Cancer 
Working Party, 21 and the other by the London Lung Cancer Group. 20 The schemata and results of these two studies are summarized in Table 64.4. The MRC 
compared oral etoposide, 50 mg twice daily for 10 days to two standard combinations of chemotherapy. The survival of the patients treated with single-agent 
etoposide was significantly shorter than that of patients treated with combination chemotherapy (130 versus 183 days, p = 0.03). Furthermore, quite unexpectedly, the 
etoposide group experienced more life-threatening side effects (19% versus 10%, p = 0.05). The London group compared etoposide, 100 mg twice daily for 5 days to 
alternating combination chemotherapy. It should be noted that this trial was limited to the extremely elderly over age 75, or to younger patients with extensive disease 
and poor performance status. Overall response rates (39% versus 61%, p = 0.01), median survival (146 days versus 189 dates), and one-year survival rates (6.5% 
versus 17%) all favored the combination chemotherapy arm. Although toxicity was greater in the combination arm, severe grade 3 and 4 toxicities were uncommon in 
either arm.

TABLE 64.4. PROSPECTIVE-RANDOMIZED TRIALS FOR ELDERLY PATIENTS WITH SMALL CELL LUNG CANCER

Although the aforementioned studies have shown that elderly patients of good performance status may tolerate combination chemotherapy, several investigators have 
attempted to modify current regimens to improve the therapeutic index for this patient population. The most common maneuver has been to substitute carboplatin for 
cisplatin and to combine it with either etoposide or teniposide. The results of three trials are shown in Table 64.3.37,38, and 39 All investigators reported response rates 
that ranged from 60%39 to 89%,37 and median survival that ranged from 33 weeks38 to 40 weeks.39 In general, the regimens were well tolerated, although Evans et al. 
reported that 4 of 40 patients suffered toxic deaths due to treatment. 39

Westeel et al. 41 elected to use the standard chemotherapy agents cisplatin, doxorubicin, vincristine, and etoposide given in smaller doses in their PAVE regimen. For 
patients with limited-stage tumors, thoracic irradiation was administered concurrently with chemotherapy in cycle 2, but only cisplatin and etoposide were administered 
during that cycle. They reported a favorable overall response rate of 895, and median survival times of 70 and 46 weeks for limited and extensive stages, respectively.

RADIOTHERAPY

Radiation therapy plays several important roles in the treatment of patients with SCLC. Thoracic irradiation has been shown to improve response rates, and two large 
metaanalyses found significant improvements in two- and three-year survival rates in patients with limited-stage tumors. 19,43 All studies of prophylactic cranial 
irradiation reported a decreased risk of isolated cranial metastases for treated patients, and a metaanalysis has shown that this treatment is accompanied by a 
modest survival benefit in patients achieving a complete clinical response. 44 Radiation also has an important role in symptom palliation in patients who have relapsed 
or who are not candidates for aggressive treatment.

Given the essential role of thoracic irradiation in the treatment of limited-stage SCLC and the relatively modest side effects seen with conventional doses and 
fractionation schemes, many studies of combined modality chemotherapy and radiotherapy have included elderly patients. Despite the limitations of lack of uniformity 
in the dose and timing of radiation among studies, some conclusions may be drawn from analyses of the small populations of elderly patients in these trials.

Retrospective Reviews

There have been only a few analyses of the efficacy and tolerability of thoracic radiation in older patients with SCLC. Quon et al. 45 undertook a retrospective review of 
two NCIC-CTG studies of combined modality treatment for limited-stage SCLC, BR.3 and BR.6. Of 608 patients, 520 were less than age 70 and 88 were older (254 
younger and 46 older patients in BR.3, and 266 younger and 42 older patients in BR.6). In the BR.3 study, patients were randomized to receive thoracic irradiation 
with either 25 Gy in 10 fractions or 37.5 Gy in 15 fractions, after completing six courses of chemotherapy consisting of cyclophosphamide, doxorubicin, vincristine 
(CAV), and etoposide and cisplatin (EP) administered in either sequential or alternating fashion. In BR.6, all patients received CAV alternating with EP, and 
randomization was to early (with cycle 2) or late (with cycle 6) thoracic irradiation (40 Gy in 15 fractions), administered concurrently with EP. In BR.3, 179 patients 
(60%) participated in radiotherapy randomization (61% of the young, 52% of the elderly), and 176 actually received radiation. In BR.6, randomization occurred at 
study entry for all patients, and 282 patients (91.6%) received radiation (92% young, 88% elderly). More patients of both age groups randomized to late radiation did 
not receive treatment, but this did not differ by age. The authors could identify no tendency to reduce field size in the elderly, even at the higher radiation doses. Once 
radiation started, there was no significant difference between the age groups with respect to the proportion of patients who completed treatment, and no differences 
were seen in time to complete radiation therapy dose delivered, or incidence of acute and late radiation toxicity. Some trends were noted, with elderly patients being 
somewhat less likely to complete late radiation in the BR.6 study. Elderly patients also tended to have lower rates of complete response in the BR.3 trial, although this 
was not the case in the BR.6 trial in which chemotherapy and radiotherapy were delivered concurrently. Local control rates were similar for both age groups in both 
trials.

Pignon et al.46 analyzed the effect of age on acute and late toxicity of curative thoracic irradiation given to 1,208 patients who participated in six randomized trials of 
lung and esophageal cancer conducted by the European Organization Research for the Treatment of Cancer (EORTC). The largest of these trials compared 
sequential to alternating radiochemotherapy in 389 patients with limited-stage SCLC. 46 Patients received either 50 Gy in 20 fractions after chemotherapy (sequential 



design), or four courses of 12.5 Gy in 5 fractions (alternating with chemotherapy). Of 389 patients, 95 (24%) were 65–70 years of age, and 29 (7%) were older than 
70. This study contributed to the analysis of the effect of age on the pulmonary and esophageal toxicity, although results were reported collectively for all of the six 
EORTC trials. There was no difference in the distribution of either acute or late pneumonitis or esophagitis with increasing age. The analysis of other toxicities 
revealed no difference with age in the severity or incidence of nausea, weakness, or late side effects. The only difference related to age was significantly greater 
weight loss seen in older patients, which suggests that the clinical impact of esophagitis may have been greater in this population. This outcome however, was not 
accompanied by a greater decline in performance status in the elderly compared to the younger patients. The authors concluded that good general condition and 
performance status, rather than age alone, are the best predictors of tolerance of curative thoracic radiotherapy.

Other reports of radiation side effects in older patients treated for a variety of tumors document that radiation is well tolerated by patients 80 and older 47 and even 
patients over 90.49 The high degree of tolerability of radiation in the elderly population with SCLC may be due to the relatively modest doses of radiation traditionally 
employed to treat this type of cancer. The standard dose is 40–50 Gy delivered in 15–25 fractions, although an increasing number of studies of dose escalation and 
hyperfractionation have been conducted,50,51 and 52 which may affect future practice.

Despite the good overall tolerance of thoracic irradiation, one cannot ignore the physiological decline in organ function, including a decline in pulmonary reserve, that 
occurs with increasing age. Studies of radiologic changes of radiation pneumonitis have documented a lower tissue density of lung with increasing age, 53 which would 
lead to a greater dose transmission through the lung in an older patient. This response is even more pronounced in patients with emphysema or other lung disease. 
The impact of radiation damage is also clinically more apparent in patients whose lung reserve is reduced due to chronic obstructive pulmonary emphysema (COPD) 
or other factors. The radiation portals for SCLC that traditionally include the initial tumor volume (prior to any treatment), although whether or not uninvolved nodes 
need to be included is controversial. If a large volume needs to be irradiated, then the potential for radiation toxicity is greater. For this reason, some investigators 
have suggested that there might be merit in giving a higher radiation dose to a smaller volume by treating areas of residual disease only. 54 However, the review by 
Quon et al.45 did not suggest that practicing radiation oncologists felt that it was necessary to reduce field size in the elderly, and there was no evidence of increased 
pulmonary toxicity in the older patients, even when radiation was administered concurrently with chemotherapy.

Side effects may also be influenced by the type of chemotherapy used. This is especially true when doxorubicin is employed because the incidence of esophagitis 
increases greatly when it is administered concurrently or soon after radiation. In the NCIC-CTG trials reviewed by Quon et al, 45 all patients received chemotherapy 
with a doxorubicin-containing regimen, and no differences in the rates of esophagitis were seen.

Prospective Trials of Combined Modality Treatment for the in Elderly

Several studies described in the chemotherapy section of this chapter included radiation; however, these studies, although they included elderly patients, were not 
designed specifically for this population. Recently, though, some investigators have undertaken combined modality therapy trials of abbreviated chemotherapy and 
radiation for elderly patients, and their results are summarized in Table 64.5.41,55,56

TABLE 64.5. PROSPECTIVE TRIALS OF COMBINED MODALITY THERAPY FOR ELDERLY PATIENTS WITH LIMITED SMALL CELL LUNG CANCER

Westeel et al. 41 treated 66 elderly patients with PAVE chemotherapy given every 3 weeks for five cycles. The 25 patients with limited-stage tumors also received 
concurrent thoracic irradiation (dose and schedule was variable) administered with etoposide and cisplatin in cycle 2. The overall response rate for the limited patients 
was 92%, and 76% achieved complete remission. Their median survival was 70 weeks, and 25% remained alive at 5 years. There were no toxic deaths in this group, 
although one patient with extensive disease died from neutropenic sepsis, and the febrile neutropenia rate for patients treated with combined modality therapy was 
18%.

Jeremic et al.55 administered accelerated hyperfractioned radiotherapy, giving 1.5 Gy twice a day to a total dose of 45 Gy over 3 weeks administered concurrently with 
carboplatin intravenously days 1 and 29, and oral etoposide days 1–21 and 29–49. No further chemotherapy was given. They treated 77 patients aged 70–77 years. 
All patients had limited-stage disease, but 12 patients had a Karnofsky performance status of only 60% or 70%, and 18 patients had weight loss of more than 5% of 
body weight. The patients tolerated treatment remarkably well with only 2.8% grade 3 esophagitis, 8.3% grade 3 leukopenia, and 4.2% grade 3 infection. Despite the 
abbreviated chemotherapy treatment, the overall response rate was 75%, and survival rates were promising (74% 1-year, 32% 2-year, 19% 3-year).

In a trial of similar design, Murray et al. 55 gave only two cycles of chemotherapy (CAV followed by EP) and radiation consisting of either 20 Gy in 5 fractions or 30 Gy 
in 10 fractions concurrently with EP to the frail elderly (more than 70 years) as well as to younger patients who had significant comorbidity or who refused standard 
chemotherapy. Although 14 of the 55 patients were less than 70 years of age, the remainder were elderly, with 22 older than 75, and four were above age 80. Three 
patients died of treatment-related complications, although two of these deaths were acute cardiac events that may have had other causes in this elderly or infirm 
patient cohort. Other toxicities were no different than expected. The overall response rate was 89%, and median survival was 12.5 months with 28% and 18% of 
patients alive at 2 and 5 years, respectively.

The results of these phase II studies are compelling, and they raise interesting questions for the treatment of both elderly and younger patients. As shown from the 
analyses in the chemotherapy section, elderly patients complete fewer cycles of chemotherapy than younger patients even when participating in clinical research 
protocols. However, their overall outcome does not seem to be significantly worse because of this regimen. The results of the Murray and Jeremic pilot studies 
suggest that when combined with early concurrent thoracic irradiation, chemotherapy may be further abbreviated to as few as two cycles without compromising 
efficacy. This approach deserves further study in a randomized clinical trial of elderly or infirm patients.

Radiation Alone

If a patient is not only elderly but also frail and not suitable or interested in standard chemotherapy or combined modality treatment, radiation alone may be 
considered with the intent of improving symptoms and palliating the disease. Given the radiosensitive nature of SCLC, symptom improvement is likely, especially in 
patients with thoracic symptoms, painful bone lesion, or symptomatic soft tissue, nodal, or brain metastases.

In this clinical setting, shorter fractionation courses are appropriate because symptom improvement does not necessarily depend on complete eradication of the local 
tumor. This is especially true for patients with extensive-stage disease, who may require and benefit from palliative radiotherapy to several symptomatic disease sites.

Although the intent of such treatment is largely palliative, some patients with localized thoracic disease may achieve prolonged symptom-free survival with radiation 
alone. In the Toronto Hospital review,7 20 of 123 patients over the age of 70 received radiation only. Their median survival was 7.8 months, which was superior to the 
1.1 month survival of the 25 patients who had no treatment, and 3.9 month survival of the 27 patients who had fewer than three courses of chemotherapy without 
radiation. This is shown graphically in Figure 64.4.



FIGURE 64.4. A comparison of survival by treatment modality for patients with limited ( above) or extensive disease (below). (From Shepherd FA, Amdemichael E, 
Evans WK, et al. Treatment of small cell lung cancer in the elderly. J Am Geriatr Soc 1994;42:64, with permission.)

This degree of potential benefit from radiation alone, especially given its high degree of tolerance by most elderly patients, emphasizes the need for informing patients 
of this therapeutic option should they decline to have chemotherapy. However, that is not to say that it should be recommended as an equal alternative to all elderly 
patients. Yellen et al. 57 in a survey of cancer patients given hypothetical vignettes of different disease stage and treatment toxicity showed that older patients are as 
likely as younger ones to accept both curative and palliative chemotherapy. They were, however, less willing to accept higher degrees of treatment toxicity for a given 
treatment benefit. Thus all treatment options need to be presented to elderly patients and discussed in the framework of their values and goals of therapy to determine 
the optimal treatment plan for each patient.

SUMMARY

To summarize, it appears that elderly patients can derive benefit from treatment for SCLC that is similar to that achieved by younger patients. However, this can only 
be stated with a word of caution because of the limitations of the studies of elderly patients performed to date. To tolerate therapy, older patients must be of good 
performance status, and this should be the major determinant in reaching a decision to treat and how to treat. Firm recommendations cannot be made for the 
extremely elderly population of 75 years or more, and further studies of this subgroup and all elderly patients must be encouraged in the future.
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There have been many recent advances in lung cancer treatment, particularly for patients with locally advanced or metastatic tumors; however, lung cancer is a 
common disease, and these interventions can be costly. Health care systems around the world are feeling economic pressures from multiple sources. Western 
countries have an aging population that is developing age-related infirmities such as cancer and heart disease. At the same time, new technologies have increased 
the complexity and expense of medical care. Patients are also generally more informed about treatment options and often demand access to the latest interventions. 
As a result, the health economic literature is growing rapidly. In this chapter, we present an overview of the methodological components of an economic analysis, 
review the current literature of economic studies in lung cancer, and discuss how these result relate to policy issues.

METHODOLOGICAL COMPONENTS OF AN ECONOMIC STUDY

Research Question

The first step in doing an economic study is to clearly identify the research question. The essential elements of the question are (a) the alternatives being compared, 
(b) the perspective of the analysis, and (c) the analytic technique. The analytic technique is largely determined by the outcome being measured. From an assessment 
of these components, readers should quickly be able to determine whether a particular study is relevant to their practice.

Treatment Alternatives

A full economic evaluation is a systematic comparison of at least two alternative healthcare strategies. The reader should be able to easily identify the alternatives 
being compared and find them fully described; however, there can be different comparators in different situations. If appropriate, a “do nothing” alternative should be 
included to determine whether there should be any intervention at all for the condition. In addition, guidelines have proposed that the cheapest 1 and the most 
commonly used options2 should be considered. The reader must decide whether any appropriate alternative has been excluded.

Perspective

The perspective of an analysis affects the range of costs and benefits considered, and ultimately the conclusions of the evaluation. Ideally, a full economic evaluation 
should include the costs and benefits to all sectors of society affected by the interventions. However, evaluations often are carried out from one relevant perspective, 
such as that of the providers or purchasers of health care. The most economic management strategy from the perspective of a hospital may not be the same as that 
from the perspective of the entire healthcare system. For example, a program of early discharge after a lung resection might save a hospital money, but increased 
costs for home care services may offset these savings. On the other hand, the perspective of healthcare institutions or the healthcare system may ignore important 
costs to social service agencies or to family members who may lose wages staying home to provide care. 3 One solution to this problem is to take a broader 
perspective and to present the costs and benefits broken down into the component parts of that broader perspective. 4 In this way, various stakeholders can examine 
the results from their own perspective.

Analytic Technique

There are four types of commonly used economic evaluations (Table 65.1). Each involves a comparison of both the costs and consequences of alternative 
interventions. The main differences among them are the methods used to measure the consequences.

TABLE 65.1. TYPES OF ECONOMIC ANALYSES

Cost-Minimization Analysis

Also called a “cost-analysis,” cost-minimization analysis is the simplest form of economic evaluation. This type of study assumes that the outcomes or effectiveness of 
the interventions are equal. Resource utilization is the only significant difference between the options. The direct costs associated with each intervention are 
compared, and the least costly strategy is the preferred choice. No assessment of the consequences of treatment is required. Although some examples in the 
oncology literature address staging procedures, 5,6 radiotherapy techniques,7,8 and 9 and systemic therapy,10 cost-minimization studies are not common because cancer 
treatments rarely produce equivalent survival or quality of life.



Cost-Effectiveness Analysis

If the interventions being assessed are not of equal effectiveness, thus a more sophisticated analysis is required. Cost-effectiveness analysis includes a comparison 
of outcomes as well as costs. In this form of analysis, the effectiveness of alternatives is measured in natural units, such as life-years gained, cases successfully 
treated, or cases averted. These outcomes are then related to the direct costs of the procedure by calculating ratios of cost per unit of effectiveness, such as cost per 
life-year gained.

Cost-effectiveness analysis has the advantage of being easily understandable. As a result, it is the most common approach to economic evaluation in healthcare. 11 
However, only one measure of effectiveness can be related to the cost of the interventions. A cost per life-year gained looks only at survival, but not at toxicity, 
inconvenience, or effects on quality of life, which are also important considerations in cancer treatment. For example, surgery versus radiation for the primary 
treatment of a specific cancer can be compared in terms of their costs per life-year gained, but this comparison may lead to an invalid conclusion if the treatments 
effects on quality of life are different. Therefore, cost-effectiveness analysis can help choose between similar treatments for a specific disease but not for choices 
across dissimilar treatments and conditions.

Cost-Utility Analysis

A cost-utility analysis is similar to a cost-effectiveness analysis. The main difference is that cost utility combines mortality and morbidity data into a single 
multidimensional measure, usually a quality-adjusted life-year (QALY). 12 The QALY is a measure of the quantity of life gained by a treatment, weighted by the quality 
of that life. This measure is relevant in oncology because many anticancer treatments are inconvenient and have substantial toxicities that impair quality of life. 
Because the QALY is not disease-specific, it allows comparison of the relative efficiency of healthcare interventions for different conditions.

Quality of life is approximated by a utility, which is a measure of preference for a given health state rated on a scale where 0 equals death and 1 equals perfect health. 
Theoretically, a utility is most accurately determined using a “standard gamble” exercise, where a subject in a particular health state finds the balance between a 
chance of returning to perfect health and a risk of possibly dying in the process. Other techniques such as time trade off and direct rating on visual analogue scales 
have also been employed.13 Alternatively, instruments such as the Health Utilities Index 14 and the EuroQoL15 have been administered alongside standard gamble 
exercises in order to relate their scores to utilities; however, most quality-of-life instruments have not undergone such testing. An approach often used to integrate 
quality and quantity of life calculates the quality-adjusted time with and without symptoms or toxicity (Q-TWiST). 16 It is particularly useful when looking at interventions 
that have health effects persisting beyond the duration of treatment (e.g., adjuvant chemotherapy).

Controversy exists regarding whether utilities should be derived from patients, their families, healthcare workers, or lay societal “jurors” given detailed scenarios 
describing the health state. Recent guidelines favor the latter approach as being most consistent with a societal perspective. 17 However, there is concern that people 
without relevant disease experience may not properly understand the health (disease) state. Any of these approaches to defining utilities is defensible, as long as it is 
stated clearly in the methods section of the publication.

Cost-Benefit Analysis

Cost-benefit analysis takes cost-utility analysis one step further. It tries to determine whether the benefits of an intervention outweigh its cost. As a result, cost-benefit 
analysis is in theory the gold standard of the different forms of economic evaluation. The quality-adjusted life-years in the denominator are valued in monetary terms 
to arrive at the absolute benefit of the intervention. An intervention is “cost-beneficial” if the benefits (measured in currency) are greater than the costs. Because these 
analyses always produce a monetary outcome, it is relatively easy to compare different potential uses of resources. However, placing a monetary value on the often 
intangible outcomes of health care, in particular the value of a life, is problematic. As a result, true cost-benefit analyses are rare.

Each of these analytic techniques has its place. Cost-utility analysis is ideal for comparing toxic treatment options, whereas a cost-effectiveness analysis may be 
adequate when deciding between two diagnostic strategies.

Assessing Costs

Identification and Assessment of Costs and Benefits

Depending on the perspective taken, the resource costs (inputs) in an economic analysis can include:

Direct treatment costs: the resources used by the health sector to provide treatment (e.g., healthcare provider time, drugs, equipment, diagnostic tests, 
overhead).
Direct nontreatment costs: the resources used by patients and family to gain access to and participate in treatment, such as travel, parking, and 
accommodations near a cancer treatment center. These costs are often measured by having patients complete diaries of their out-of-pocket expenses.
Indirect costs: costs such as lost work time for the patient or caregiver, or the time of volunteers assisting with treatment. In accounting practice, the term 
“indirect cost” refers to overhead, but in health economics, overhead is considered a direct cost.
Intangible costs: the costs of anxiety, uncertainty, or pain caused by the treatment itself. These costs have proved difficult to measure. Techniques, such as 
“willingness to pay” have been developed, but can be affected by each subject's own economic circumstance.

The choice of time horizon is important to ensure that the analysis has considered all relevant resources. If a new treatment intervention has an impact on the natural 
history of a disease, it could affect “downstream” costs. For example, when analyzing the cost of treating lung cancer, upfront costs include the costs of physician 
visits, diagnostic tests and procedures, hospitalization, as well as drugs and dispensing fees. Downstream costs include those for treatment of long-term 
complications and terminal care. One of these downstream costs, hospitalization for terminal care, has been found in the Canadian health care system to be the 
largest single component of management over the entire course of illness. 18 Interventions that affect terminal care can have large impacts on the lifetime costs of the 
disease19,20 that might be missed if the time horizon only included the active phase of disease treatment.

If satisfied that all relevant resources have been considered, then it is important to assess whether they have been quantified accurately and valued credibly. It is 
important to consider whether the analysis is based on costs or charges. Charges for health care are influenced by market forces, government regulations, and 
taxation laws21 and often bear little resemblance to actual incremental resource costs. 22 Medicare providers are required to provide cost-to-charge ratios that can be 
used to estimate costs; however, the accuracy of these ratios is undetermined.

Another issue is whether resource consumption data have been collected prospectively or retrospectively. Prospectively collected data, such as those gathered as 
part of a clinical trial, are more likely to be complete. This process also allows for the timely availability of economic data to help decision-makers after an important 
clinical result is found; however, prospective data is more expensive to collect. Furthermore, care in clinical trials is often more resource intensive than routine 
practice. For example, trials usually take place in expensive tertiary care teaching hospital settings and involve more frequent monitoring with blood tests and imaging 
studies. As a result, retrospective data or prospective data collected outside a clinical trial can each be effectively used in many circumstances.

It is often necessary to determine costs in several steps and to use a combination of empirical data and modeling in the analysis. Resource consumption data such as 
hospital days could first be gathered from a clinical trial. Then, this data could be adjusted to reflect anticipated usual care. For example, the frequency of imaging 
studies might be greater in a study situation than in routine practice. Lastly, the costs can be allocated to the resources consumed to calculate the cost of delivering 
the intervention. By separating resource consumption from cost, local variations in costs or charges can be assessed.

Discounting

Costs and benefits that occur in the future should be adjusted, or discounted, to their present value because of “time preference.” We generally prefer to incur benefits 
sooner rather than later and costs later rather than sooner. Thus future costs and benefits have less weight than current costs and benefits, and are usually 
accounted for by multiplying them by a constant discount rate with the formula:



where r is the discount rate, and n is the number of years.23 Such adjustment favors therapeutic procedures that provide immediate benefit, while rendering preventive 
and screening programs, which require immediate expenditure for future benefits, less attractive.

There is a lack of consensus over what the appropriate discount rate should be. Recent American guidelines suggest 3%, 12 whereas Canadian guidelines have 
recommended 5%24 and British recommendations have been 6%.25 The choice of discount rate can seriously affect the results of evaluations 26 and should be subject 
to sensitivity analysis. Also of debate is whether benefits and costs should be discounted at the same rate because empirical studies have demonstrated that people 
do not have the same preferences for future health benefits as for future costs. 27,28,29 and 30

Assessing Effectiveness

Healthcare benefits (outputs) can be measured as:

Direct benefits: monetary savings in treatment-related resource consumption
Indirect benefits: from increased productivity
Intangible benefits: such as prolonged survival, or alleviation of pain and suffering associated with health improvements

As described previously, the type of study (cost-effectiveness, cost-utility, etc.) determines the type of benefit considered.

Large, randomized controlled trials or metaanalyses provide good measures of clinical effectiveness; however, extrapolation of economic and clinical data to routine 
practice is not always straightforward. Controlled clinical trials usually test the efficacy of a procedure under strictly defined “ideal world” conditions. Differences in the 
demographic characteristics of the population, variations in clinical practice, and availability of resources may mean that the procedure is less effective in routine 
clinical management.31 For example, we might expect an elderly patient with multiple comorbidities to have a different experience with chemotherapy for advanced 
lung cancer than the highly selected patients studied in a clinical trial. Clinicians must decide whether patients are likely to derive the same benefits as the patients 
included in the study.

Similarly, toxicity of therapy may differ between the experimental and normal practice settings. The complication rate reported in a trial of complex therapy given to 
highly selected patients in a tertiary care setting might not be the same as that seen when the treatment is moved into general practice. As a result of the costs 
associated with these complications, the treatment might prove to be more expensive than predicted by the economic model.

When survival is the outcome of interest, it is important to accurately quantify the benefit. Because survival distributions are skewed, the median survival is most often 
reported in cancer trials; however, this measure may disregard important information when trying to determine the average benefit a patient can expect from a 
therapy. For example, an intervention that results in some cures creates a long tail on the survival curve that contributes to the number of life-years gained. Such an 
intervention can be highly cost-effective, even if there is little or no increase in the median survival time ( Figure 65.1). As a result, economic evaluations should use 
the area between two survival curves to determine the average benefit from treatment.

FIGURE 65.1. The effect of the shape of survival curves on life years gained from an intervention. A: This treatment results in a relatively large increase in medium 
survival time, but there are no cures. B: This treatment causes a small increase in median survival time; however, because some patients are cured, there is a plateau 
on the tail of the curve that may eventually produce a larger increase in the area between the two.

Assessing cost-effectiveness

The cost-effectiveness ratio (CE) is the incremental cost of an intervention divided by its incremental benefits, as given by the formula:

where C represents the cost of each intervention and E represents their effectiveness.

Many people use thresholds to decide whether an intervention is cost-effective. Canadian authors have proposed that interventions costing less than $20,000 per 
QALY be considered cost-effective.32 Americans tend to set the threshold at approximately $50,000 per QALY. 21 However, these cutoff points are arbitrary.

Another type of decision rule is a “league table.” Economic evaluations assume that resources are limited and have alternative uses if not applied to the intervention 
in question. Policymakers must make decisions that will maximize health by getting the highest value for the resources consumed. Their decisions often reflect a 
utilitarian philosophy of doing the greatest good for the greatest number of people. In order to achieve this goal, a technology must be assessed for its efficiency 
relative to all other potential uses of the same resources. Cost-effectiveness league tables such as Table 65.2 rank interventions by cost per life-year or cost per 
QALY gained.

TABLE 65.2. AN EXAMPLE OF A LEAGUE TABLE



There are two major attractions to league tables: (a) they place results in the context of the cost-effectiveness of other technologies, and (b) they offer an easy 
mechanism to inform or justify resource allocation decisions. Resources can then be spent on the most cost-effective programs until the resources are exhausted. 
Numerous examples of league tables have been published across specialties, 33,34 and 35 and in oncology in particular. 36

There are many methodological difficulties in creating league tables, necessitating caution when using them for resource allocation. 37 One major problem is that they 
often group studies that were undertaken at different points in time. Cost-effectiveness figures can be adjusted to a base year, but this method requires assumptions 
of constancy of relative costs, resource use, disease management, and treatment efficacy over time.

There may also be differences in study methodology, including the choice of treatment comparisons, the length of follow-up of patients, the quality-of-life or utility 
instrument adopted, the assumptions made, and the range and sources of costs included. 37 Such differences may affect the ranking of various technologies within a 
league table, leading to erroneous conclusions.

Both the threshold and league table approaches assume that QALYs have the same value in all situations; however, empirical evidence tells us otherwise. Society 
generally adheres to the “rule of rescue”: we value interventions that actually save a patient from dying from a disease more than one that may make many patients 
live a little longer. We are also more willing to pay for an intervention that saves an identifiable life, such as an individual who requires a heart transplant, than one for 
which a “statistical” life may be saved, as in preventive programs.

Because of these problems, neither league tables nor thresholds should be seen as providing accurate answers to difficult resource allocation decision; rather, they 
should be seen only as an aid to inform decision-makers.

Deciding Whether to Believe the Results

Knowledge of the key methodological principles that well-conducted studies should follow 23,38,39 is important in order to avoid inappropriately applying the results of a 
poor study or using data that are not applicable in a certain setting. Because of this need, American guidelines have recently been published for reporting economic 
studies,17 and useful strategies have been proposed for critically appraising economic analyses. 40,41 Table 65.3 summarizes some important considerations when 
appraising economic studies.

TABLE 65.3. KEY CONSIDERATIONS IN THE EVALUATION OF ECONOMIC STUDIES

Sensitivity Analysis

Sensitivity analyses assess the effect of varying the estimates of resource use (such as the number of treatments of a new drug, the number of hospital days for 
treatment administration or for palliative care), and effectiveness (e.g., the amount of survival gained, utility estimates) over a range of plausible possibilities. No 
matter how accurately costs and benefits have been quantified and valued, it is likely that certain assumptions have been required. Skeptics often attack these 
assumptions to dismiss a study. If altering the value of key parameters significantly changes the outcome of the study, then the analysis is said to be “sensitive” to that 
variable. If not, it is “robust.” The question becomes not whether all estimates of resource use and survival were accurate, but whether any errors would have a 
meaningful impact on the results.

Setting

Economic evaluations are relatively specific to the healthcare system in which they are performed. Countries such as Canada have single-payer universal healthcare 
systems in which the government funds virtually the entire system. In contrast, health care in the United States is funded by multiple payers, primarily private insurers, 
and providers compete for contracts to manage the care of groups of individuals. A third type of system, common in European countries, provides universal health 
care with patients responsible for a copayment.

Extrapolating the results of a study from one healthcare environment to another involves more than simply adjusting the figures by the exchange rate. Costs for a 
health care intervention may be affected by differences in (a) demographics and disease incidence, (b) clinical practice patterns, and (c) relative prices. Practice 
patterns may be influenced by the availability of alternative treatments and diagnostic tests, as well as incentives to professionals and institutions (e.g., salary versus 
fee for service).42 There have been few studies reported to date addressing this issue. Drummond et al. assessed misoprostal for the prevention of nonsteroidal 
antiinflammatory drug (NSAID) induced ulcers simultaneously in four countries (i.e., Belgium, France, United Kingdom, and the United States) using identical 
methodology. They found misoprostol to be more cost-effective in the United States despite the drug being 36% more expensive because it averted surgical 
procedures that were relatively more costly in America. 43 Recently, Copley-Merriman et al.44 made similar observations when they found that gemcitabine 
monotherapy in advance non–small cell, cancer (NSCLC) compared to standard etoposide/cisplatin (excluding chemotherapy drug costs) saved more money in the 
United States than in Germany or Spain because it averted more costly hospitalization and antiemetic use.

Transparency

A concern with many economic papers is a lack of transparency in the description of methods and assumptions. Transparency refers to how easy it is to see exactly 
what the authors of a study have done. After reading the results of an economic analysis, the reader should not be left with the impression that the study was done in 
a “black box.” It is best to report disaggregated data on costs, resource use, and quality of life. 4 Ideally, the numerator and denominator of cost-effectiveness ratios 
should be reported separately. Costs should be shown in the format:

quantity × unit price = cost

while effectiveness measures should be separated from their utility weightings. Obviously, it is important to know the currency and year of the costs; however, reports 
should also identify instances of price adjustment, such as use of the consumer price index to inflate prices from another time period, or the date and exchange rate 
used to translate costs from other countries.

PUBLISHED ECONOMIC STUDIES RELATED TO LUNG CANCER



Prevention

Smokers accrue significant lifetime medical costs 45 as well as costs due to passive smoking, accidental fires, and lost productivity due to illness. 46 However, studies 
have generally found that smoking is not an economic burden on society. Savings in other medical costs due to early mortality offset the treatment of smoking-related 
diseases.47,48 and 49 Furthermore, costs to society are offset by tobacco taxation and unclaimed pensions. 50 These conclusions tend to be sensitive to the discount rate 
used because the costs from smoking occur in the present, whereas the savings occur in the future.

Smoking cessation is the main form of lung cancer prevention. Intervention studies focus on restrictions on smoking and smoking advertisement, 45 and taxation,51 
which are modestly effective and appear to be cost-effective. 52 For example, a mass media campaign costing $759,436 over 4 years was estimated to cost $754 per 
smoker averted, with a cost per life-year gained of $696. 53 Although the effectiveness of screening programs for lung cancer has not been established, an economic 
model has indicated that screening programs involving detection of genetic aberrations in the sputum would likely be cost-effective if shown to be clinically effective. 54

Diagnosis and Staging

Economic studies have also tried to define an optimal diagnostic strategy for NSCLC. For example, Govert et al. determined that the addition of either brushings or 
washings to bronchoscopic biopsy increased the sensitivity of the test at relatively low cost; however, addition of both procedures was unnecessary and not 
cost-effective.55 Several groups have shown that computed tomography (CT) chest with selective mediastinoscopy is more cost-effective than routine 
mediastinoscopy.56,57 Furthermore, positron emission tomography (PET) scanning may eventually be a cost-effective addition to CT scanning in this setting. 58 
However, routine CT of the head in patients without clinical evidence of metastases has been shown not to be a cost-effective staging procedure. 59

Similar techniques allowed Richardson et al. to develop an optimal protocol for staging small cell lung cancer (SCLC) patients. 60 Clinical exam and biochemistry 
followed by bone scan, abdominal CT, head CT, bone marrow aspirate and biopsy, CT chest, and finally pulmonary function testing were able to avert one-third of the 
overall cost of staging as long as the workup was discontinued as soon as a metastasis was identified.

Cost of NSCLC

It has been estimated that lung cancer management accounts for approximately 20% of cancer care costs and 2% of all healthcare costs in the United States. 61 
Several studies have examined the costs associated with lung cancer. 62 Evans et al. calculated the average direct care costs for diagnosis and treatment of NSCLC in 
Canada to be $19,778 in 1988 Canadian dollars over 5 years. The first-year costs ranged from $6,333 for supportive care for stage IV disease, to $17,889 for surgery 
and radiotherapy in earlier stage lung cancer ( Table 65.4). Hospital costs were found to dominate, accounting for 36.8% of all costs ( Figure 65.2). About one-third of 
the total cost is for hospitalization during the initial diagnostic workup. Terminal care accounts for about one-half of the total cost whether a patient receives 
chemotherapy or not. The five-year costs ranged from $16,501 to $23,881.

TABLE 65.4. SUMMARY OF DIRECT CARE COSTS PER CASE FOR NSCLC IN CANADA BY STAGE*

FIGURE 65.2. The cost component of lung cancer management.

In the United States, Riley et al. compared the Medicare payments for patients aged 65 and over with common cancers. 63 They found that lung cancer was the most 
expensive cancer site for initial treatment at $17,518 (1990 US$) due to high costs for hospitalization ($10,782, or 62%); however, because of the relatively short 
survival of lung cancer patients, it was among the least expensive in terms of total payments from diagnosis to death at $29,184.

Recently, Hillner et al. looked at the cost of lung cancer for a commercially insured cohort in Virginia. 64 These patients were younger and fees generally were higher 
than those for the Medicare population studied by Riley et al. They found that the total cost of treatment from diagnosis to death was $47,941 (in 1992 US$), with 
inpatient hospital facility costs accounting for up to 65% of the total cost. Patients receiving no active treatment still incurred significant costs ($26,597 in the first year 
after diagnosis). On average, patients spent 27.6 days in the hospital in the last 6 months of life.

Methodological differences and different time frames make these studies not completely comparable; however, hospitalization consistently stands out as the dominant 
cost in all of them. Similar findings have been seen in other tumor sites. 65,66 and 67 This sort of research has led to the shift in recent years of treatment in the 
ambulatory setting, development of care maps and algorithms to expedite diagnosis, 68 and increased use of hospices for terminal care.69

Cost of SCLC

Less work has been published on the costs associated with SCLC treatment. Evans et al. found that direct care costs for the diagnosis and initial treatment of SCLC 
ranged from $18,691 (1988 Canadian dollars) for management of limited-stage disease, to $4,739 for the supportive care of patients with extensive disease who were 
not candidates for chemotherapy. The average total cost for treating SCLC was $25,988. 18,70 This figure is comparable to the $18,234 (1990 Australian dollars) for 
limited and $13,177 for extensive disease calculated by Rosenthal. 71 Again, hospitalization was the dominant cost.

Cost-Effectiveness of Treatment



Through a MEDLINE search to identify studies whose principal objective was to examine the cost-effectiveness of lung cancer treatment options, and by searching the 
references of relevant articles, we identified 15 economic evaluations 20,44,72,73,74,75,76,77,78,79,80,81,82,83 and 84 (Table 65.5). All but one study included an evaluation of the 
cost-effectiveness of chemotherapeutic alternatives in lung cancer treatment. 72 The one exception involved a comparison of two different radiotherapy regimens for 
NSCLC: conventional radiotherapy treatment versus continuous hyperfractionated accelerated radiotherapy. Despite the recognition of the importance of quality-of-life 
effects on treatment choice, only two studies incorporated estimates of patient's quality of life into QALYs. 82,84

TABLE 65.5. ECONOMIC EVALUATIONS OF TREATMENT ALTERNATIVES IN LUNG CANCER

All studies used effectiveness data derived from clinical trials, although not all were based on randomized evidence. Several studies examined resource consumption 
from those same trials,20,72,78,82,83 and 84 whereas others adopted an approach whereby resource use estimates were obtained from other sources (e.g., institutional 
databases) and were combined with effectiveness data within a modeling framework.44,73,74 and 75,77,79,80 and 81

In most cases, costly but effective treatment options were found to be cost-effective due to savings in the consumption of other resources. For example, a cost 
analysis performed by the National Cancer Institute of Canada (NCIC) on a multicenter randomized trial comparing chemotherapy with best supportive care (BSC) 
found chemotherapy to be not only cost-effective but also cost-saving by reducing the need for palliative radiotherapy and the length of terminal care hospitalization. 20

 A record linkage study of more than 600 patients in the province of Manitoba recently corroborated this finding (Statistics Canada, personal communication, 1999). 
Although another analysis of the same trial failed to confirm this result, 82 in general, effective interventions tend to be cost-effective.

Supportive interventions have also been evaluated. Ondansetron has been shown to be cost-effective for prophylaxis against cisplatin-induced emesis. 85 On the other 
hand, granulocyte colony-stimulating factor (G-CSF) was not found to be a cost-effective adjunct to SCLC treatment. 86

LUNG CANCER ECONOMICS AND HEALTH CARE POLICY

The expenditures associated with medical practice are coming under increased scrutiny. Both public and private payers are demanding increased efficiency and 
“value for money” in the provision of healthcare services. As a result, policymakers in both Australia and the province of Ontario (Canada) have developed formal 
guidelines for economic analyses that are to be part of drug reimbursement submissions. 1,2

Recent practice guidelines87,88 have recommended that it is “reasonable to offer cisplatin-based chemotherapy to medically suitable patients as a treatment option” for 
survival, symptom control, and quality-of-life outcomes in metastatic NSCLC patients. 87 As Evans et al. reported,89 the average cost (all stages) of managing a lung 
cancer patient from diagnosis to death without palliative chemotherapy is just under $20,000. Therefore, for all 17,128 cases diagnosed in Canada in 1992, the total 
cost was approximately $350 million (and about 10 times as much in the United States). Even though palliative chemotherapy is considered cost-effective, 90 by virtue 
of lung cancer's high incidence, the cost of treating all advanced-stage patients with chemotherapy would add significantly to healthcare budgets and labor 
requirements.

Oncologists are still fairly conservative in their management of advanced lung cancer. 91 Additionally, many patients are not candidates for systemic therapy because 
of biologic age, performance status, or comorbid conditions; therefore, the actual impact of a new treatment for lung cancer on national health budgets is likely to be 
less than projected.

CONCLUSION

Because of its high incidence, lung cancer is a significant burden on healthcare systems. Studies indicate that strategies to minimize hospitalization are likely to have 
the greatest impact on these expenditures.74 Despite common perceptions to the contrary, supportive care for advanced lung cancer is associated with significant 
cost, and many chemotherapeutic treatments are cost-effective relative to other commonly accepted medical interventions; however, decision-makers sometimes have 
trouble seeing past the price of these interventions. Therefore, it is important to understand how to assess these technologies in the broader context of the costs and 
consequences associated with their use. Providing decision-makers with useful information from methodologically sound studies will help optimize use of health care 
resources and ensure continuing access to care for lung cancer patients in the future.
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The purpose of this chapter is to provide a brief description of the types of clinical trials that are currently used to evaluate treatments for cancer and to discuss 
statistical techniques involved in analyzing such trials. These techniques include such methods as Kaplan-Meier survival curves, Cox proportional hazards models, 
and metaanalysis, all of which are common in the literature today. Before beginning any discussion of specific types of clinical trials, it is useful to define a clinical 
trial: a clinical trial is a carefully planned study used to determine the effect and value of interventions in human subjects. In order to conduct a trial, there must be a 
primary question of interest, a detailed study protocol, and availability of resources. These needed resources include patients for the study, clinicians, any study 
drugs, and any other types of equipment or supplies that would be needed for the trial.

In oncology, three types of clinical trials are generally conducted, known as phase I, phase II, and phase III. A phase I trial is typically the first trial that is conducted in 
humans. It is used to determine the maximum tolerated dose of therapy and may indicate whether or not there is some degree of benefit from the drug or drugs. A 
phase II trial usually measures the disease response to a single therapy or combination of therapies, whereas a phase III trial compares the effectiveness of two or 
more therapies in a randomized, prospective fashion. In addition to these three main types, other variations exist such as phase I/II trials, phase II/III trials, and trials 
that are known as pilot, or feasibility, studies. A pilot, or feasibility, study is a trial of limited numbers of patients intended to determine whether a new procedure may 
be safely carried out using human subjects. Such trials rarely have efficacy end points and are typically limited to no more than 10 patients. The next few sections 
discuss some of the statistical issues in each type of trial.

PHASE I TRIALS

The objective of a phase I trial is to determine dose levels of a single agent or combination of agents that balance toxicity with efficacy. Patients enrolled in a phase I 
trial may come from a wide variety of disease types. In general, the starting dose of drug for a phase I trial is one-tenth of the mouse LD 10, which has been determined 
previously in preclinical studies. A common procedure that can be used for determining the rate of dose escalation for a phase I trial is called a modified Fibonacci 
approach. Table 66.1 provides a hypothetical example of a modified Fibonacci procedure for selecting dose levels for a Phase I clinical trial. As can be seen in this 
table, the initial dose would be one-tenth of the mouse LD 10. In step 2 this amount would be doubled. The third step would be 67% above step 2; the fourth step would 
be 50% above that of step 3; and finally the smallest increment that is normally used for escalating doses is 33%. As shown in this table, with a hypothetical starting 
dose of some drug of 100 mg/m2, by the sixth step the dose is approximately nine times the initial starting dose.

TABLE 66.1. EXAMPLE OF MODIFIED FIBONACCI PROCEDURE FOR SELECTING DOSE LEVELS FOR A PHASE I CLINICAL TRIAL

The standard procedure for enrolling patients in a phase I trial is as follows: at the lowest starting dose, three patients are entered. Those three patients would be 
treated and followed for toxicity. If none of those three patients have unacceptable toxicity as defined by the protocol, then the next dose to be evaluated would be that 
of the second dose level. However; if one patient of the three experiences dose-limiting toxicity, then up to three additional patients would be treated on that same 
dose level. If none of those additional three patients experiences dose-limiting toxicity, then the next three patients would be entered at the next higher dose level. If, 
however, a dose level is identified at which two or more patients have dose-limiting toxicity, then that dose would be the highest dose level examined. The next 
patients to enter the study would be placed at the preceding dose; that is, the dose below the one in which toxicity was noted, in order to verify safety at that level. 
This dose, if found to be acceptable, would be called the maximum tolerated dose (MTD). Escalation continues in this fashion until the MTD is reached.

Because of the nature of the standard accrual scheme of phase I clinical trials, three times the number of dose levels, plus six, would be an estimate of the maximum 
number of patients that would be needed to evaluate an agent during phase I using a standard accrual approach. For example, if a clinical trial were to be conducted 
with six dose levels, then it would be expected that up to 24 patients might be required on this trial. This information can be useful for planning accrual to the study.

Recently, Simon and co-workers developed an alternative design approach, based on rapidly escalating doses treating one patient per dose level until evidence of 
any toxicity is encountered, followed by a standard dose-escalation until an MTD is reached. 1 Under appropriate assumptions, this design can attain the identical MTD 
as a conventional escalation scheme but may require far fewer patients. In another report, Ahn compares a variety of novel phase I escalation methods and makes 
recommendations for selecting one of these newer designs.2

It is commonly believed that a phase I trial is not designed for evaluating efficacy of a therapy. That is generally true, especially with conventional phase I trials, 
because most patients are treated at doses that are below the one that would most likely produce a response; however, it may be possible to see responses in 
patients, even at the lowest doses of therapy. In general, no more than 5% of patients would be expected to respond to a phase I study; thus, although phase I studies 
are conducted with therapeutic intent, clear efficacy from phase I trials is believed to not be readily determinable.

Data from phase I trials are typically analyzed using descriptive methods. A wide range of toxicity results by dose level are often tabulated to demonstrate the degree 
to which patients treated at the various doses are effected adversely by the treatment. Any responses identified may also be noted.

A specific type of phase I trial, known as a biologic response modifier trial, is often conducted in two phases. In phase IA, the objective is to find the maximum tolerated 
dose much as one would do customarily in a standard phase I trial. In phase IB, one would try to find the optimal biologic response modifying dose. This dose may not 
be the same as the maximum tolerated dose. The MTD is used to define the upper limit of therapy that is safe to evaluate in patients, whereas the OBRMB is the dose 
that is believed to have the most potential benefit for patients. For additional, more detailed discussion on phase I clinical trials, consult a reference book on this 



topic.3

PHASE II TRIALS

The objectives of a phase II trial are to screen the drug or drugs evaluated for any antitumor activity in a specific disease, and to try to increase knowledge of 
pharmacology and toxicology of drugs that are being evaluated. In general, success or failure from a phase II study is determined according to whether or not an 
observed response proportion in patients with measurable disease (i.e., the fraction of patients who successfully receive treatment and are able to experience a 
well-defined clinical response) is consistent with, greater than, or less than a hypothesized response proportion. One needs to have strictly stated objective criteria for 
response prior to initiation of the study to ensure correct evaluation of efficacy.

Phase II trials normally treat patients using approximately 75% to 90% of the MTD as found in a phase I trial. This dosage ensures that the study can be conducted 
safely. It should be noted that in the absence of severe toxicity found in a phase I trial, there are no scientific grounds for terminating a drug's clinical development 
without conducting a phase II trial because only a phase II trial has sufficient patients enrolled at potentially therapeutic doses in order to make an evaluation of 
whether the drug has benefit.

Phase II trials are not generally comparative. They are used to indicate whether a new treatment should be pursued further, and to determine its priority relative to 
other agents being evaluated for treatment of the same disease. A randomized phase II trial provides a means of making a comparison between two or more agents. 
In this type of trial, two or more agents are randomized against one another so that patient characteristics are similar for each of the agents being evaluated; no formal 
statistical comparison is undertaken between the groups. It is expected, though, that the agent that produces the greatest response rate from among those compared 
is the one that is most likely to be useful for advancement into the larger phase III trials.

Several factors should be considered when designing a phase II trial. First, it is important to plan to accrue a homogeneous group of patients with respect to disease 
type and estimated prognosis. Homogeneity enhances the interpretability and meaningfulness of the findings from this study. It is also important to try to estimate the 
potential response rate to this agent or combination of agents. This estimation can be determined to some extent from literature results of trials in patients treated for 
this disease. Careful consideration of the possible differences in prognosis between the historical group and the present group of patients should be taken into 
consideration. Furthermore, with tumor shrinkage as the end point in most phase II trials, it is important that potentially measurable changes in size of tumor be used. 
Also, if a trial is to evaluate efficacy in subgroups of patients, it is important to allow adequate numbers of patients in each subgroup.

Determination of sample size for a phase II trial can range from being simple to somewhat complex depending on the assumptions one is willing to make. One of the 
earliest types of designs commonly used was developed by Gehan4 and is a straightforward two-stage design. In the first stage, 14 patients are accrued, treated, and 
evaluated. If no responses occur in the first stage, then accrual is terminated because there is less than a 5% probability that the true response rate is at least 20%. If 
at least one of the initial 14 patients has an objective response to therapy, then a second stage would be conducted with accrual of at least 11 additional patients. The 
more patients entered on the second stage, the more precise the estimate of the response. However, with this particular example, if the true response probability was 
5%, then there is a 51% chance of observing one or more responses in 14 patients. Thus if an agent had a true response probability that was very low, this design 
would not likely result in an appropriate early termination with high probability.

Lee and Wesley5 describe another relatively simple approach to determining the number of patients to enter as a function of acceptable or unacceptable response 
proportions. With their method, if one was interested in stopping a study if the results are inconsistent with 30% response, then accruing nine patients and observing 
no responses would allow accrual to end. Or, to quickly rule out consistency with a 50% response proportion, entering five patients and observing no responses could 
result in termination at this point.

An improved design was developed by Simon.6 His design is called an optimal two-stage design for a phase II clinical trial and is optimal in the sense that the 
expected sample size required for evaluation is minimized if the agent has a low activity level. Potentially, one could stop accrual to a study evaluating a poor agent 
with fewer patients on average than with a standard two-stage design because many poor agents would end up being evaluated in both stages using the standard 
Gehan approach. To design a study of this type, one first needs to decide on two error probabilities (the probability of accepting an uninteresting drug and the 
probability of rejecting a desirable drug), the response probability which is uninterestingly low, P 0, and that worthy of further exploration, P1. After deciding on these 
parameters, one can determine a two-stage design that specifies the number of patients to accrue and corresponding maximum number of responses consistent with 
an insufficiently active agent. Table 66.2 provides a few examples (with 10% as each error probability) of numbers of patients to be accrued at an interim point and the 
highest number of responses observed that would cause termination of the study at that point. This table also indicates the highest final response proportion that is 
inconsistent with a desirable drug. For example, if it were considered uninteresting in a particular disease to have a response proportion of 20% and of more interest 
to have a response proportion of 40%, if 17 patients were initially entered into the trial, and if no more than 3 experienced objective clinical responses, then accrual 
would be terminated and the drug would be declared unsatisfactory. However, if in the initial 17 patients there were 4 or more responses, then accrual would continue 
until 37 patients were entered into the trial. In that event, if there were 10 or fewer total responses, the agent would be considered unsatisfactory. Otherwise, with 11 
or more responses, the agent would be considered worthy of further investigation. Other examples are presented in this table as well as in the original article.

TABLE 66.2. EXAMPLES OF RESPONSE PROPORTIONS CAUSING REJECTION OF DRUG, USING OPTIMAL TWO-STAGE DESIGN

Analysis of the main results of the phase II study typically includes a summary of the demographic and clinical characteristics of the patients accrued, the toxicities 
observed, and categorization of the responses observed according to how complete the responses are. In addition, confidence intervals about the observed response 
proportions are often presented to assess the precision of the results obtained and to indicate the approximate degree of consistency with other studies. Confidence 
intervals that are appropriate to the two-stage nature of many designs may be employed.

Finally, it is important to realize that in a Phase II study there are many sources of variability that can affect the responses observed and the interpretation of study 
results.3 First, the doses and schedules of drugs administered can vary, and the eligibility criteria for patients to be entered into the studies may also vary 
considerably. Such things to consider in assessing comparability of studies include the extent of disease, performance status, and any prior treatments the patients 
may have received. The response criteria may also differ. It is important that these criteria be consistently defined. There could be inter-observer variability because 
individuals do not necessarily agree on every aspect of evaluation of a patient's response. Dosage modifications and protocol compliance issues could also vary from 
institution to institution. Differences in reporting procedures, primarily regarding which patients are to be included in the analyses, may be identified. For example, 
every patient who has entered into the study that was initially found eligible or only those who successfully completed the treatment may ultimately be included in 
analysis. Finally, the sample size of an individual study can effect the interpretation. Tighter confidence limits are obtained with more patients, and results based on 
larger numbers of patients could therefore be more likely to be better estimates of the responses that would be observed in a population of similar patients. These 
considerations may suggest that, in phase II trials designed to test agents or combinations in diseases for which active agents already exist, an appropriate 
randomized concurrent active control group may be useful to help estimate the clinical importance of the new agent or combination prior to attempting to evaluate a 
phase II agent or combination in a larger, more definitive trial.



PHASE III TRIALS

Phase III clinical trials require the largest number of patients. These trials are designed to compare the ability of two or more therapies, or combinations of therapies, 
to treat patients with a particular disease. Three or more treatments can be randomized against one another; however, the remainder of this section focuses on 
studies comparing two treatments. Although these studies can be accomplished at single institutions, randomized phase III trials often involve groups of institutions 
that combine their resources to accrue larger numbers of patients in order to answer study questions within a reasonable period.

Phase III trials are randomized to ensure unbiased placement of patients into the study arms and to allow probability to provide approximately equivalent patients on 
the arms. Ideally, differences noted between two arms of a randomized study should be due to the treatment, not to imbalances in patient characteristics. In order to 
randomize, a computer program that creates random sequences of treatment group identifiers is typically employed. A procedure known as blocking is often employed 
to ensure even numbers of patients on each arm throughout the trial. For every fixed number of patients (e.g., 4, 6, 8), equal numbers of patients receive both 
treatments by the end of the block. For example, with a block size of six, three patients would each receive treatment A and three would receive treatment B in some 
random order in the first block. In the next block, three patients would each receive treatment A and treatment B but in a (probably) different random order from the 
prior block. The objective is to provide balance in the study after fixed periods and to create a pattern of treatment assignment that is difficult to discern by 
investigators in order to prevent bias in entering patients in the study.

Conducting randomized studies is sometimes difficult when the treatments administered might have different long-term physical effects or changes in patients being 
entered into the trial. For example, in early-stage breast cancer, it can be difficult to enroll patients into a study randomizing between lumpectomy plus radiation 
versus mastectomy. Other designs can be used if randomization is overly problematic to accomplish; however, these other approaches have potentially serious 
drawbacks. Consultation with a statistician about alternatives to standard randomization schemes may be worthwhile in those situations.

Patients are typically randomized in equal proportions between the two arms; that is, in a 1:1 ratio. However, a 2:1 randomization is sometimes employed. In such 
cases, typically two patients would receive the newer treatment to every one patient who receives the more conventional therapy. The best rationale for this method 
would be to gain more information about the new treatment. For example, in some studies it may be considered more of an inducement for investigators to put patients 
in a trial if they believed that their patients will have a better than 50% chance of receiving the new or experimental therapy. On the other hand, 50% allocation is more 
consistent with the belief of equipoise, or genuine unbiased indifference toward the placement of patients in trials, which in theory is required for physicians before 
entering patients into randomized studies. In a 2:1 randomization trial, only 10% to 15% additional patients would be required than a corresponding 1:1 allocation, so 
the numbers of additional patients needed are small. On the other hand, by using this design, it may be a clue to the subject and to the physician that one intervention 
is preferred over the other. Thus potential for unintended bias may result.

Stratification

In order to balance prognostic characteristics among patients on the two or more treatment arms in a randomized phase III trial, stratification is often employed. 
Stratification refers to placing patients into relatively homogeneous groups before performing the randomization. With this approach, patients are randomized within 
one stratum independently of patients who have characteristics of another stratum. Stratification is more helpful in trials with relatively few patients where probability 
might not permit patients to balance out with respect to important characteristics over the course of accrual. Stratification at time of randomization is not necessary to 
perform stratified or subgroup analysis at the end of the trial. One should try to limit the number of strata. Overstratification, defined as placing patients into an 
excessive number of strata, is not useful and may result in situations in which there will be so few patients in any given stratum that the final trial may end up with a 
greatly imbalanced number of patients between the two arms.

As an example of stratification in a phase III trial, consider the following: the two treatment arms are designated as A and B, and it is assumed that there were two 
important prognostic factors for patients with the particular disease: (a) size of tumor and (b) nodal involvement, each with two categories. Size may be classified as 
being less than 2 cm or more than 2 cm and patients may either have or not have nodal involvement. Thus four possible categories result from these two factors: (a) 
less than 2 cm with nodal involvement, less than 2 cm without nodal involvement, more than 2 cm with nodal involvements, and more than 2 cm without nodal 
involvement. Patients are randomized separately to treatment A or B within each of these four categories to ensure an approximately equal number of patients 
receiving both treatments within each category.

Sample Size Determination

Determination of sample size for a phase III trial is a multi-step process. The first step is to decide the primary end point of interest. For example, a simple end point 
would be a comparison of the proportions of patients responding to therapy; for example, does the proportion responding to one therapy equal the proportion 
responding to the other therapy or do the response proportions differ? Another end point could be disease-free survival; for example, for patients who have their 
disease eliminated at or before the start of therapy, how long does it take for the disease to return with either therapy, and are these intervals different? Survival is a 
common end point that is measured from date of randomization until the date of death or last follow up. Progression-free survival can also be determined from the 
date of randomization until the date progression is first noted.

The next step is to decide whether a one-tailed or two-tailed hypothesis test should be used. A one-tailed test would indicate that the difference between the two 
groups is of interest in only one direction; for example, to test whether therapy A would be better than therapy B. A two-tailed test is used to determine whether the two 
therapies are different and allows for the possibility that either one could be better. The reason for making this decision is that the significance level, known as alpha 
(a), is affected by it. A two-tailed test would require somewhat greater numbers of patients than a one-tailed test, all else being equal. A two-tailed test is generally 
preferred unless there is strong justification for expecting a difference in only one direction. 7

Once the decision has been made about whether to use a one-tailed or two-tailed test, the next step is to estimate the magnitude of results to be obtained and the 
minimum difference of interest between study arms. In order to do so, it is best to use estimates based on the literature in the same patient population, if such data 
exist. It is most important to try not to assume that the two arms would result in extreme differences in outcome because the study will end up with too few patients to 
identify a significant difference if an effect is noted. Therefore, it is useful to be conservative.

The next step is to estimate the approximate accrual rate of the particular types of patients to be treated. Again, it is useful to be conservative. If the trial is unable to 
accrue patients at the expected rate, this deficiency could lead to termination of the trial without useful results. The fifth step is to decide the magnitude of errors that 
would be acceptable to make. Table 66.3 presents definitions of alpha and beta, known as the type I and type II error in the context of a comparative trial. As shown in 
this table, type I and type II errors are made when clinical trial results differ from the real relationship between the two arms.

TABLE 66.3. DEFINITIONS OF TYPE I AND TYPE II ERRORS IN CONTEXT OF COMPARATIVE CLINICAL TRIAL

Based on the preceding steps, a preliminary sample size estimate can be made. In order to do so, a variety of methods are possible depending on the outcome of 



interest. In Table 66.4, an example of the number of patients required to detect a difference between two proportions is presented for a two-tailed alpha level of 0.05. 
Based on hypothetical values of response proportions in two arms on a trial, the number of patients required per arm is tabled according to the specified power, where 
power is defined as (1 - beta × 100%. As can be seen by examining Table 66.4, the number of patients required per arm for this type of study varies greatly depending 
on the anticipated or clinically meaningful difference between the two arms. For a study with 80% power, a comparison of 20% versus 50% responses requires only 
45 patients per arm, whereas a trial seeking a difference between 20% and 30% would require 313 patients per arm.

TABLE 66.4. NUMBER OF PATIENTS REQUIRED TO DETECT DIFFERENCE BETWEEN TWO PROPORTIONS (TWO-TAILED a = 0.05)

This method of determining the sample size is simple. Other more complex methods are available for determining sample size with survival-type end points, such as 
overall survival, disease-free survival, or progression-free survival. These techniques consider factors such as the relative ratios of median survival, disease-free 
survival, or progression-free survival between the two groups, the amount of follow-up time per patient, and the accrual rate. These methods can be more complex to 
implement, but they can result in a requirement for fewer patients than using the method based on comparing proportions of patients alive or disease-free by a fixed 
point in time. It is important to realize that the sample size estimate is just a guess of the number of patients needed to find a significant difference. The final end point 
results may be different from those projected. Thus it may be sufficient to use a sample size estimate based on something as simple as a proportion alive at a given 
point in time because the assumptions that were employed with the more complex approaches may not turn out to be correct.

Once this preliminary sample size estimate has been determined, the length of the accrual period required can be calculated. If this accrual period is likely to be too 
lengthy, then it may be necessary to reevaluate the parameters used for calculating the sample size. For example, if there is willingness to tolerate greater errors in 
the study, or there are ways to increase the accrual by including additional institutions in the study, or a difference of a larger magnitude would be acceptable to try to 
detect with the trial, then these decisions can be used to address the feasibility of conducting the trial. It is important to realize that, for a specific number of patients 
accrued, only a difference of a given magnitude can be detected. Thus if not enough patients can be accrued for the study in order to detect a difference of a 
reasonable magnitude, then whether the study can be conducted in the framework that has been selected must be evaluated. For example, it is not a good practice to 
reevaluate study design parameters and then decide that it is acceptable to detect only an unrealistically large difference. Failure to conclude that an observed 
difference is statistically significant may be due to either a correct finding of no (or little) difference or a type II error; that is, the lack of power to correctly identify the 
difference. Freiman et al. 8 determined that of 71 randomized studies with conclusions of no difference between therapies, 50 of these studies were too small to have 
90% power to identify a 50% difference in outcome. Thus trials with insufficient patients were found to be prevalent but should be avoided because of the lack of 
certainty about the interpretations of results.

Analysis

The type of analysis used in phase III trials largely depends on the type of end point being considered in the trial. When the proportions of patients responding to 
treatment are the primary end point, a test for differences of binomial proportions is sufficient. For example, depending on the numbers of patients being evaluated in 
these trials, a Chi-squared statistic or Fisher's exact test might be appropriate.

Many trials in oncology focus on end points such as survival, disease-free survival, or progression-free survival. When the main end point in a trial is time to an event, 
in order to describe the data, the most common approach used is the Kaplan-Meier method. 9 An example of a pair of Kaplan-Meier curves is presented in Figure 66.1. 
As can be seen, the curves have the following characteristics: initially, all of the patients were alive or in remission and thus the proportion surviving, or remaining 
disease-free, was 100%. As time progressed, events were noted by drops in the curve at the times at which the events took place. Patients who did not have the 
event in question occur during the period of observation were considered to have censored observations and had their follow-up times denoted by small, vertical tick 
marks on the curves. Thus Kaplan-Meier curves incorporate all follow-up data on all patients. They only reach 0% if the patient with the longest follow-up has the 
event in question. In the example in Figure 66.1, the patient with the longest follow-up in the arm (denoted by open squares) dies shortly after 36 months, whereas in 
the other arm, a patient with approximately 39 months of follow-up remains alive. These curves are constructed such that the magnitude of the drop is proportional to 
the number of patients who remain at risk for the event at the time at which the event occurs. Thus, early in time, any drops are small because a large number of 
patients are potentially at risk, whereas at later time points, few patients are at risk and the drops are larger. As would be expected, because the drops in the curve 
are larger later on, greater variability is introduced at this point in the curve. In studies with large numbers of patients, it may be difficult to graphically display the 
follow-up time of every patient entered into the study, whether a failure or a censored observation. In those cases, it is useful to provide a count of the number of 
patients remaining at risk along the time axis.

FIGURE 66.1. Example of Kaplan-Meier survival curves. Treatment A denoted by circles (¡) and treatment B denoted by squares (¨). The two curves are not 
statistically significantly different from one another (P 6 = 0.73).

Evaluation of the difference between two survival curves, such as those shown in Figure 66.1, may be done through a variety of methods. The most commonly used 
technique is known as the Mantel-Haenszel method10 which considers the actual times of events and provides a generally accepted test for the difference between 
two curves. This type of test is not always the most appropriate, especially if curves cross one another. In those cases, other methods of analysis can be used. 
However, in general, it is important to decide in advance of seeing the results of the study which method to use in order to avoid selecting the test that results in the 
most significant result. For example, in Figure 66.1, the two treatments have approximately the same results. Using a Mantel-Haenszel statistic, the p-value is 0.73. 
Thus it is easy to see that neither treatment is preferred. In Figure 66.2, however, a difference could be interpreted as being of borderline statistical significance, p 2 = 
0.06, between the two groups.



FIGURE 66.2. Example of two Kaplan-Meier survival curves in which two treatments have virtually significantly different effects on outcome (p 2 = 0.060).

Kaplan-Meier survival curves and Mantel-Haenszel statistics can be useful to help identify potential prognostic factors in patients on randomized studies. In Figure 
66.3A, all six patients with a low value of a potential prognostic marker survive, whereas the 27 patients with a higher value of the prognostic marker experience 
significantly greater mortality (p 2 = .05). In Figure 66.3B, the patients are further divided according to whether they have metastatic or localized disease. All patients 
with a low value of the marker had localized disease. As shown in this figure, when one divides the patients according to whether the disease is metastatic or 
localized, it becomes less clear whether the marker has the beneficial effect or whether the effect is more an attribute of having localized or metastatic disease. The 
top and middle curves present a comparison of patients with localized disease according to low versus high values of the marker, and in this group of patients, the 
p-value for the difference between the two curves is 0.14. Patients with metastatic disease all had high marker values, and their survival curve drops rapidly. The 
comparison between patients with a high marker value for the localized versus metastatic disease is significant (p 2 = 0.012). This example illustrates how 
Kaplan-Meier curves can help explain the effects of more than one prognostic factor on a time-to-event (e.g., survival) end point.

FIGURE 66.3. A: Use of Kaplan-Meier curves to help elucidate prognostic effects. In the top curve (no symbols), all six patients with a low value of a potential 
prognostic marker survive, whereas those with a higher value experience significantly greater mortality (p 2 = 0.05). B: Same data as Figure 66.3A, but now examining 
effect of metastatic disease as well. Top curve (no symbols): localized disease with low levels of the marker; middle curve (¡), localized disease with high levels of the 
marker; bottom curve (¨), metastatic disease with high levels of the marker. Statistical comparisons are as follows: local/low vs. local/high: p 2 = 0.14; local/high vs. 
metastatic/high: p2 = 0.012.

COX PROPORTIONAL HAZARDS REGRESSION MODELS

In 1972, Professor D. R. Cox published a method for analyzing multiple prognostic factors from clinical trials with time-to-event end points. 11 The method, known as 
the Cox proportional hazards model, is widely used today and is generally considered an acceptable method for determining the relative importance of potentially 
prognostic factors in a group of patients under investigation in a clinical trial with a time-to-event end point. An excellent discussion of the Cox proportional hazards 
model can be found in a book intended to be read by clinicians. 12

The Cox proportional hazards model assumes that the risks of failure on two or more Kaplan-Meier survival curves are proportional. That is, the death rates for 
individuals with nonbaseline values of some factor under evaluation are constant multiples of the death rates of patients who have baseline values of the factors. 
Specifically, this assumption means that the Cox proportional hazards model is not suitable when the Kaplan-Meier survival curves crossed at some point in time. 
Because this is a regression technique, some of the general guidelines that apply to linear regression analysis apply to proportional hazards regression analysis as 
well. For example, it is not good practice to include more parameters in a model than the square root of the number of failures in the data set. For example, in a study 
of 100 patients with a total of 30 patients dying, it might be reasonable to develop a model with up to five parameters, provided that such a large number of factors 
could be suitably interpreted.

An important outcome measure from the Cox proportional hazards model is an estimate of the relative risk of death for patients having one level of a potentially 
prognostic variable compared to patients who have the baseline level of the potentially prognostic variable. For example, Table 66.5 shows that three parameters (i.e., 
stage, gender, and metastases) were simultaneously identified to be associated with survival in a group of patients. According to the results shown in the table, each 
of these parameters is statistically significant in the presence of one another. Stage, which has a p-value of .031, is shown to have a relative risk of 3.74. If only 
patients with either stage 3 or stage 4 disease are entered into the study, then patients with stage 4 disease have approximately 3.74 times the risk of dying at any 
given point than patients who have stage 3 disease. Similarly with gender, if the baseline group were males, then females would have approximately 50% more risk 
(e.g., 1.5 times the relative risk) of dying during any small interval of time. Patients with metastatic disease would have 15 times the relative risk of dying compared to 
patients with localized disease only. These statistics are the results of all three of these characteristics taken simultaneously. In the Kaplan-Meier survival curve, 
typically only one factor is portrayed at a time. In the Cox proportional hazards model results, the effects can be identified simultaneously and are adjusted for the 
effects of the other parameters. Because patients have a constellation of traits that could be important in prognosis, the Cox proportional hazards model results, if 
based on appropriate factors, are considered preferable to results obtained only in a univariate fashion. The univariate results, however, are useful for illustrative 
purposes and for leading one to identify factors for consideration in proportional hazards models. Also shown in Table 66.5 is the 95% confidence interval for the 
relative risk for each of the three factors in the model. This figure is important because it provides an indication of the preciseness of the estimated relative risk. For 
example, although stage has a relative risk of 3.74, the 95% confidence interval ranges from 1.26 to 11.1, meaning that it is likely that the true relative risk is between 
1.25 and 11.00. For gender, there is a tighter interval from approximately 1 to approximately 2, whereas the interval for metastases ranges from 4 roughly to 53.



TABLE 66.5. EXAMPLE OF COX PROPORTIONAL HAZARDS MODEL RESULTS

GROUP SEQUENTIAL DESIGNS

Some small clinical trials are designed to accrue the total number of patients originally intended without any interim evaluations for efficacy; however, in many phase 
III studies, particularly those of moderate to large size, the design must allow for the possibility of early termination of the trial if results appear to be statistically 
significant early on. Trials that allow for formal evaluations that could result in termination after fixed prespecified points are called group sequential designs. A whole 
body of literature exists on these designs. Two specific, easily described designs permit examination of the data at prespecified time points and adjust the p-values 
required for termination so that highly significant findings may lead to termination of the trial depending on proximity to the planned end of the trial. These two 
methods were developed in the late 1970s. The first, by Pocock, 13 allows one to terminate the trial when a p-value of less than some small fixed value, which remains 
constant for each potential evaluation, is reached. For example, in a study with plans for up to five equally spaced looks at the data prior to termination of accrual, if at 
any of the five looks the significance of the difference between the two groups was such that p 2 was less than 0.008, then accrual to the study could be terminated 
because this result could be shown to be consistent with a final p-value of less than 0.05. Another approach, developed by O'Brien and Fleming, 14 allows for 
decreasingly stringent p-values to be used in the evaluation at successive interim looks. For example, in this same example with five interim evaluations, if at the first 
evaluation the p-value were less than approximately 3 × 10 –6, then accrual would terminate. The p-value required for termination would increase gradually, so that at 
the second evaluation the required p-value would be 7 × 10 –4; 4 × 10–3 would be the threshold for the third evaluation, .011 for the fourth, and .021 for the fifth interim 
evaluation. Many other possible designs have been studied and can be considered for use in clinical trials. The important point is that stopping a trial early because of 
an interim significant finding requires great care. It is insufficient to stop accrual with an early p-value of .05 because it can be shown that it is likely, if the study were 
to progress to the intended accrual target, that the ultimate p-value could be much greater than .05 and thus one would have erred in making this early decision.

METAANALYSIS

Conducting a randomized clinical trial can be a time-consuming and expensive process, and sometimes the answer to a major clinical question might be obtained by 
examining and synthesizing the results of other research that has been previously conducted. Metaanalysis is a term that was first used in the mid 1970s by an 
educational researcher, and is a discipline that critically reviews and systematically statistically combines the results of previously conducted research studies. An 
article by Sacks et al.15 provides a description of the subject. The purposes of metaanalysis are to increase the statistical power of primary end points and within 
subgroups, to resolve uncertainty when reports disagree, to understand interstudy differences and results, to improve estimates of effect size, and to answer 
questions not posed at the start of individual trials. 15 When studies that are pooled are similar with respect to the treatment, the patient population, and data quality, 
then averaging results makes sense.16 However, in practice, the doses of drugs actually delivered differ, the patient population may differ, and there may be different 
degrees of protocol compliance, adequacy of follow-up, and reliability of data. Perhaps well-designed and well-conducted clinical trials are still the best means of 
answering questions concerning what treatments are effective and how effective they are.

Sacks et al. published a careful evaluation of metaanalyses in the English language medical literature. 15 In order to be included in their report, data from more than 
one study had to be combined, and at least one of the studies pooled had to be a randomized controlled trial. This study determined that the number of articles that 
can be included in their metaanalysis increased rapidly through the mid-1980s, from a starting point in the 1950s, when few such articles existed. These authors 
identified six major areas for determining the quality of a metaanalysis: study design, combinability, control and measurement of potential bias, statistical analysis and 
methodology used, sensitivity analysis, and the application of the results. These six major areas were further subdivided into 23 individual items. Their study 
determined that 28% of the metaanalyses addressed all six of these major areas, 36% addressed five, 29% addressed four, and 7% addressed either two or three of 
these areas. When the individual items, and thus the quality of the metaanalyses, were examined, out of 23 possible items, not a single paper received more than 14 
adequate ratings, and in most articles, 5 to 8 of the 23 points were addressed. Thus it was believed that many metaanalyses that were reported were not adequate on 
several grounds.

A properly performed metaanalysis can be useful in a setting where one wants to obtain a global answer to an important question incorporating the results from a 
large number of properly done and reported studies. Metaanalyses should be reported with sufficient information in order for the readers to draw conclusions about 
the validity of the results reported. A metaanalysis should be conducted like a scientific experiment with a clear study design, evaluation methods, and results 
presented. Because metaanalyses typically use results of published clinical trials, there is a potential bias in the articles that can be included in a metaanalysis. It is 
well known that clinical trials with positive results are more likely to be published than ones with negative results. Unpublished trials might be less reliable and might 
not be conducted with the same care as published studies. Nonetheless, this is a bias because not all studies may be included in the metaanalysis.

There are instances, however, of metaanalyses that are conducted on large numbers of trials that can produce interesting results, which could not necessarily have 
been found from the examination of any single trial. As an example, the Early Breast Cancer Trialist's Collaborative Group performed a metaanalysis based on 133 
randomized trials from around the world involving 24,000 deaths among 75,000 women. 17 This metaanalysis was able to demonstrate highly significant reductions in 
the annual rates of recurrence and of death by use of Tamoxifen, although the results varied. Because this metaanalysis was performed on an extensive group of 
randomized clinical trials run by centers and consortiums from around the world and conducted with great care by the organizing committee in Oxford, England, this 
metaanalysis may be valuable because complex questions were able to be answered without the need to resort to additional randomized clinical trials.

As a second example, the Non-small Cell Lung Cancer Collaborative Group performed a metaanalysis based on 52 randomized clinical trials from around the world, 
which included 9,387 patients, of whom 7,151 died. 18 The objective of the metaanalysis was to determine the impact of cytotoxic chemotherapy on survival in patients 
with non–small cell lung cancer. This study demonstrated that modern chemotherapy regimens containing cisplatin were favored in all comparisons performed, and 
that the benefit attained conventional levels of statistical significance when combined with radical radiotherapy and supportive care. This metaanalysis was carefully 
performed, involved a large worldwide set of all available trials, including unpublished studies, and was done under the auspices of a group with substantial expertise 
in conducting such studies. Thus the conclusions of this metaanalysis are likely to be reliable and would obviate the need for additional randomized trials to address 
the specific questions being posed in this study, which had remained controversial and uncertain until this metaanalysis was performed.
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Lung Cancer: Principles and Practice

 COLOR PLATE SECTION  

COLOR FIGURE 4.1. Chronic wound following a tibial 3B injury. Proximal muscle is covered with granulation tissue. There is evidence of desiccated, infarcted tendon 
and chronic granulation tissue in the base of the wound. This wound required extensive debridement and free flap reconstruction. (See also black and white Figure 
4.1.)

COLOR FIGURE 8.4. Immunohistochemistry of a gastric adenocarcinoma for expression of Fhit protein. As shown in the figure, the normal gastric epithelial cells stain 
strongly positive for Fhit, whereas the adenocarcinoma cells are completely negative (From Croce C, Sozzi G, Huebner K. Role of FHIT in human cancer. J Clin Oncol
 1999;17:1618, with permission.) (See also black and white Figure 8.4.)

COLOR FIGURE 8.5. Loss of Fhit expression in human non–small cell lung carcinoma (hNSCLC). As shown in (A), all cells of the normal bronchus stain positively 
with the anti-Fhit antibody. On the contrary, NSCLCs are negative for Fhit expression (B,C). (From Croce C, Sozzi G, Huebner K. Role of FHIT in human cancer. J 
Clin Oncol 1999;17:1618; Sozzi G, Pastorino U, Moiraghi L, et al. Cancer Res 1998;58:5032, with permission.) (See also black and white Figure 8.5.)

COLOR FIGURE 8.6. Tobacco smoking causes loss of function of the FHIT gene. Carcinogens present in tobacco smoke cause deletion in a FHIT allele. Continued 
exposure causes deletion in the second allele, leading to loss of Fhit expression. FHIT alterations and then mutations in p16, p53, and other loci cause precancerous 
lesions (bronchial dysplasia), some of which will later evolve into frank carcinomas. (From Huebrev K, Sozzi G, Brenner C, et al. FHIT loss in lung cancer: diagnostic 
and therapeutic implication. Adv Oncology 1999;15:3, with permission.) (See also black and white Figure 8.6.)

COLOR FIGURE 24.1. Energy states and interaction of photosensitizing agents. Before exposure to light, a molecule of sensitizer is in the ground state. When a 
photon of the appropriate wavelength is absorbed, an electron is raised to a higher energy level. The molecule then rearranges to a stable excited state. At this point, 



there are two possibilities. The excited molecule can fluoresce, emitting a photon and dropping back to the ground state, or an intersystem crossing can change the 
spin of an electron. During the lifetime of the resulting triplet state, absorbed energy can be passed along to molecular oxygen in tissue, activating the oxygen 
molecule to the singlet state. Singlet oxygen can oxidize any oxidizable biologic molecule with which it is in contact. (From Kessel D. Photodynamic therapy. Sci Med 
1998;5:46, with permission.) (See also black and white Figure 24.1.)

COLOR FIGURE 24.2. The relative phototoxic effect of a sensitizer is a function of irradiation wavelength. Longer wavelengths penetrate tissue to a greater depth. 
(From Kessel D. Photodynamic therapy. Sci Med 1998;5:46, with permission.) (See also black and white Figure 24.2.)

COLOR FIGURE 24.3. A: Autofluorescence spectra of normal bronchial mucosa and squamous cell carcinoma in situ. B: Reddish brown fluorescence of carcinoma in 
situ distinguished from the green fluorescence of normal bronchial mucosa. (Courtesy of XILLIX Technologies Corporation, British Columbia, Canada.) (See also 
black and white Figure 24.3.)

COLOR FIGURE 24.4. Schema of photodynamic therapy for bronchial lesions. See text for details. (Courtesy of Dr. Jeffrey Wiemann, Louisville, Kentucky.) (See also 
black and white Figure 24.4.)

COLOR FIGURE 24.5. Photodynamic therapy for a patient with partial obstruction of the right mainstem bronchus. A: 90% obstructive non–small cell lung cancer 0.5 
cm from the main carina. B: Laser fiber is positioned for interstitial treatment 48 hours after the patient received Photofrin II. C: Appearance of the lesion 48 hours 
after treatment before any debridement of the avascular base. D: Appearance of the lesion base after bronchoscopic debridement revealing the right upper lobe 
orifice to the right and the bronchus intermedius straight ahead. E: Appearance of the airway 2 months later. Only a superficial ulcer is present at the site of the 
original lesion F: Appearance of the airway 3 months after treatment. A histological complete response was documented. (See also black and white Figure 24.5.)

COLOR FIGURE 25.1. A schematic and pathologic representation of the Concept of Field Cancerization: Epithelium throughout the respiratory tract is affected by 



similar toxins, hence the concern about second primary cancer prevention. (See also black and white Figure 25.1.)

COLOR FIGURE 25.2. Multi-step process of lung carcinogenesis: A schema of molecular changes that have been reported to occur during the multi-step lung 
carcinogenic process. While representing potential points for intervention (i.e., chemoprevention), these events could potentially (once available) serve as biomarkers 
of cancer risk and intermediate end points for clinical studies. (From Papadimitrakopoulou VA. New developments in the chemoprevention of lung cancer. Prim Care 
Cancer 1998;18[Suppl. 1]:52, with permission.) (See also black and white Figure 25.2.)

COLOR FIGURE 27.1. Laser capture microdissection (LCM) system showing the process of microdissection of cells from tissue. The laser beam activates the 
thermoplastic film embedding the underlying cells, which can then be separated from the tissue. (See also black and white Figure 27.1.)

COLOR FIGURE 27.2. Microdissection of normal bronchiolar epithelium. A: roadmap, (B) before microdissection, (C) after microdissection, and (D) cap with 
dissected tissue (200 X magnification). (See also black and white Figure 27.2.)

COLOR FIGURE 27.3. Microdissection of a single cell from bronchioloalveolar carcinoma (arrow). A: roadmap, (B) before microdissection, (C) after microdissection, 
and (D) cap demonstrating microdissected cell (1000 X magnification). (See also black and white Figure 27.3.)

COLOR FIGURE 27.4. Application of LCM to study the molecular events associated with cancer progression. The expression pattern of proteins (two-dimensional gel 
electrophoresis or immunoassays), RNA (differential display, microarray hybridization, or cDNA libraries), and DNA genotype (mutational analysis, loss of 
heterozygosity, comparative genomic hybridization) can be compared within the same patient. In the tissue section, normal precursor epithelium, premalignant 
lesions, and invasive cancer foci can be microdissected and compared. (See also black and white Figure 27.4.)



COLOR FIGURE 28.4. Fluorescence in situ hybridization of two chromosome-specific centromere repeat probes to interphase cell nuclei, counterstained blue with 
diamidino-2-phenylindole, from a human non-small cell lung cancer specimen. DNA probes labeled with biotin or digoxigenin hybridizing to complementary 
centromere sequences within the nuclei were detected by immunofluorescence using fluorophores emitting green (fluorescein isothiocyanate) or red (rhodamine). The 
nuclei exhibit abnormally high numbers of chromosome 7 (red spots) and chromosome 18 (green) fluorescent signals, indicative of gains of these chromosomes. (See 
also black and white Figure 28.4.)

COLOR FIGURE 28.5. A: Computer-generated fluorescence ratio image of a normal human metaphase spread after comparative genome hybridization with 
biotin-labeled DNA, detected by fluorescein isothiocyanate (FITC), from a lung cancer cell line, and digoxigenin-labeled DNA, detected by rhodamine, from normal 
placenta. Yellow-green indicates balance between the FITC and rhodamine values. Bright green indicates overrepresentation of DNA in the tumor, and red represents 
underrepresentation of tumor DNA. Intense green fluorescence on chromosome 8q24 (arrows) suggests that the MYC protooncogene located in this band may be 
amplified in the lung cancer cells. B: The same metaphase spread, stained with diamidino-2-phenylindole, which permits the identification of each chromosome. The 
two copies of chromosome 8 are indicated by numbers. (See also black and white Figure 28.5.)

COLOR FIGURE 28.6. Fluorescence in situ hybridization of a MYCN probe to a partial metaphase spread from the small cell lung cancer cell line. Multiple fluorescent 
signals are observed on each of the double minutes, indicating that the amplified MYCN oncogene resides within these small chromatin bodies. (See also black and 
white Figure 28.6.)

COLOR FIGURE 31.1. Endobronchial mass occluding a segmental bronchus. (See also black and white Figure 31.1.)

COLOR FIGURE 31.2. Submucosal infiltration of bronchogenic carcinoma. Normal bronchial markings are lost and engorged bronchial collateral vessels are 
prominent. (See also black and white Figure 31.2.)



COLOR FIGURE 48.5. A: Lung cancer tumor target and normal organs displayed in “room view.”B: Multiple images of anteropostero (AP) beam for lung cancer 
treatment. Note in the upper-right image that the green contour CTV does not have an adequate margin around the red GTV contour. This is because a 3D margin 
tool to generate the CTV was not used, thus only 2D margins were generated. (See also black and white Figure 48.5.)

COLOR FIGURE 48.6. Beam's eye view of tumor with port defined by multileaf colimation. (See also black and white Figure 48.6.)

COLOR FIGURE 48.7. A: Multiple images used in 3D plan evaluation, including “room view,” beam's eye view, axial, and saggital views. (See also black and white 
Figure 48.7.)

COLOR FIGURE 48.7. B: Multiple images used in 3D plan evaluation, including “room view,” beam's eye view, axial, and saggital views. (See also black and white 
Figure 48.7.)

COLOR FIGURE 48.8. A,B,C: Various images depicting isodose coverage and various dose levels in 3D. (See also black and white Figure 48.8.)
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