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Preface to the Second Edition

Since the publication of the ﬁrst edition of this book in 2003, the ﬁeld of clinical mycology has
burgeoned. This is in no small measure due to increasing numbers of immunosuppressed hosts.
Transplants of both solid organs and stem cells have become commonplace. In addition to
patients who classically have been considered to be immune compromised, the expanded use
of immune modiﬁers, such as tumor necrosis factor antagonists and other monoclonal antibodies, has created new populations at risk for fungal infections. Advances in intensive care have
allowed survival of desperately ill patients, but also have created another population group at
high risk for invasive fungal infections. Our understanding of the epidemiology of fungal
infections has expanded with detailed studies on risk factors and effects of various prophylactic regimens in speciﬁc at-risk populations and with the use of newer molecular methods.
The treatment of fungal infections has improved markedly in the few short years since the
ﬁrst edition was published. New antifungal agents have been licensed for use, and indications
for the use of various antifungal agents have changed. New agents in the echinocandin and
azole classes of drugs and the increasing use of lipid formulations of amphotericin B have
allowed safer and more effective therapy for severe fungal infections, especially in immunosuppressed patients. The scientiﬁc basis of antifungal therapy has been enhanced with new
studies on the pharmacodynamics and pharmacokinetics of these agents. Unfortunately, and
perhaps not unexpectedly, these positive developments have been tempered by increasing
resistance to several classes of antifungal agents.
For each of the medically important fungal diseases, we have attempted to integrate basic
aspects of mycology pertinent to an understanding of pathogenesis of infection with an extensive discussion of clinical manifestations, diagnosis, and treatment. Color photographs are
used extensively to illustrate the many different manifestations of fungal infections.
The book is organized, as before, into several distinct sections and is extensively indexed to
allow easy access to the topics pertinent to patients cared for by busy clinicians. Part I gives a
general overview of laboratory aspects of mycology, emphasizing newer molecular techniques
that are assuming increasing importance in diagnosis, and of epidemiologic trends in fungal
infections. The chapters in Part II give an in-depth review of the antifungal agents available for
the treatment of systemic fungal infections. In addition, speciﬁc chapters deal with the expanding area of pharmacokinetics and pharmacodynamics, the increasing problem of antifungal
resistance, and the use of combination antifungal therapy. Parts III–VI are devoted to individual fungal diseases, and are arranged by diseases caused by yeasts (Part III), moulds (Part IV),
dimorphic or endemic fungi (Part V), and other mycoses (Part VI). The ﬁnal section (Part VII)
is devoted to speciﬁc immunosuppressed populations who are at high risk for fungal
infections.
It is hoped that this text will provide a valuable resource for clinicians who do battle with
the medically important fungi in their daily practices, as well as for those who only infrequently are faced with the “odd case” that could possibly be an unusual fungal infection.
C.A.K., P.G.P., J.D.S., W.E.D.
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Part I

Introduction

Laboratory Aspects of Medical Mycology
Mary E. Brandt, Shawn R. Lockhart, and David W. Warnock

Over the course of time, more than 100,000 species of fungi
have been recognized and described. However, fewer than
500 of these species have been associated with human disease, and no more than 100 are capable of causing infection
in otherwise normal individuals. The remainder are only able
to produce disease in hosts that are debilitated or immunocompromised.

What Are Fungi?
Fungi are not plants. Fungi form a separate group of higher
organisms, distinct from both plants and animals, which differ from other groups of organisms in several major respects.
First, fungal cells are encased within a rigid cell wall, mostly
composed of chitin and glucan. These features contrast with
the animals, which have no cell walls, and plants, which have
cellulose as the major cell wall component.
Second, fungi are heterotrophic. This means that they are
lacking in chlorophyll and cannot make their organic food,
as plants can, through photosynthesis. Fungi live embedded
in a food source or medium, and obtain their nourishment by
secreting enzymes for external digestion and by absorbing
the nutrients that are released from the medium. The recognition that fungi possess a fundamentally different form of
nutrition was one of the characteristics that led to their being
placed in a separate kingdom.
Third, fungi are simpler in structure than plants or animals. There is no division of cells into organs or tissues. The
basic structural unit of fungi is either a chain of tubular,
ﬁlament-like cells (termed a hypha) or an independent single
cell. Fungal cell differentiation is no less sophisticated than
is found in plants or animals, but it is different. Many fungal

M.E. Brandt ( )
Mycotic Diseases Branch, Centers for Disease Control
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pathogens of humans and animals change their growth form
during the process of tissue invasion. These dimorphic
pathogens usually change from a multicellular hyphal form
in the natural environment to a budding, single-celled form
in tissue.
In most multicellular fungi the vegetative stage consists
of a mass of branching hyphae, termed a mycelium. Each
individual hypha has a rigid cell wall and increases in length
as a result of apical growth. In the more primitive fungi, the
hyphae remain aseptate (without cross-walls). In the more
advanced groups, however, the hyphae are septate, with
more or less frequent cross-walls. Fungi that exist in the
form of microscopic multicellular mycelium are often
called moulds.
Many fungi that exist in the form of independent single
cells propagate by budding out similar cells from their surface. The bud may become detached from the parent cell, or
it may remain attached and itself produce another bud. In this
way, a chain of cells may be produced. Fungi that do not
produce hyphae, but just consist of a loose arrangement of
budding cells, are called yeasts. Under certain conditions,
continued elongation of the parent cell before it buds results
in a chain of elongated cells, termed a pseudohypha.
Fourth, fungi reproduce by means of microscopic
propagules called either conidia or spores. Many fungi produce conidia that result from an asexual process. Except for
the occasional mutation, these conidia are identical to the
parent. Asexual conidia are generally short-lived propagules
that are produced in enormous numbers to ensure dispersion
to new habitats. Many fungi are also capable of sexual reproduction. Some species are homothallic and able to form sexual structures within individual colonies. Most, however, are
heterothallic and do not form their sexual structures unless
two different mating strains come into contact. Meiosis then
leads to the production of the sexual spores. In some species
the sexual spores are borne singly on specialized generative
cells and the whole structure is microscopic in size. In other
cases, however, the spores are produced in millions in “fruiting bodies” such as mushrooms and puffballs. In current
mycological parlance, the sexual stage of a fungus is known
as the teleomorph, and the asexual stage is the anamorph.
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Classiﬁcation of Fungi
Mycologists are interested in the structure of the reproductive bodies of fungi and the manner in which these are produced because these features form the basis for the
classiﬁcation and naming of fungi. Most recently the kingdom Fungi has been divided into seven lesser groups, termed
phyla, based on differences in their reproductive structures,
as follows. Three of these phyla contain species that are
pathogenic to humans and animals.

Glomeromycota (Formerly Zygomycota)
The phylum name Zygomycota is no longer accepted [1]. In
its place, the phylum Glomeromycota and four subphyla
have been created pending further resolution of taxonomic
questions. In this group of lower fungi, the thallus (vegetative body of a fungus) is aseptate and consists of wide, hyaline (colorless) branched hyphae. The asexual spores, or
sporangiospores, are produced inside a closed sac, termed a
sporangium, the wall of which ruptures to release them.
Sexual reproduction consists of fusion of nuclei from compatible colonies, followed by the formation of a single large
zygospore with a thickened wall. Meiosis occurs on germination and haploid mycelium then develops.
The subphylum Mucoromycotina has been proposed to
accommodate the order Mucorales, where most human pathogens, such as the genera Absidia, Mucor, Rhizomucor, and
Rhizopus, are found. The subphylum Entomophthoromycotina
includes the genera Basidiobolus and Conidiobolus, agents of
subcutaneous infections.

Ascomycota
In this large group of fungi, the thallus is septate. Asexual
reproduction consists of the production of conidia from a
generative or conidiogenous cell. In some species the conidiogenous cell is not different from the rest of the mycelium.
In others, the conidiogenous cell is contained in a specialized
hyphal structure, termed a conidiophore. Sexual reproduction results from fusion of nuclei from compatible colonies.
After meiosis, haploid spores, termed ascospores, are produced in a saclike structure, termed an ascus. The Ascomycota
show a gradual transition from primitive forms that produce
single asci to species that produce large structures, termed
ascocarps, containing numerous asci.
This division includes the genus Ajellomyces, the main
teleomorph of dimorphic systemic fungal pathogens. Anamorphic
genera are Blastomyces, Emmonsia, and Histoplasma. The

M.E. Brandt et al.

Ascomycota also include the genus Pseudallescheria, the
teleomorph of some members of the anamorph genus
Scedosporium. This phylum also includes the ascomycetous
yeasts, many of which have an anamorph stage belonging to
the genus Candida.

Basidiomycota
Most members of this phylum have a septate, ﬁlamentous
thallus, but some are typical yeasts. Asexual reproduction is
variable, with some species producing conidia like those of
the Ascomycota, but many others are not known to produce
them at all. Sexual reproduction is by fusion of nuclei from
compatible colonies, followed by meiosis and production of
basidiospores on the outside of a generative cell, termed a
basidium. The basidia are often produced in macroscopic
structures, termed basidiocarps, and the spores are often
forcibly discharged.
Only a few members of this large phylum are of medical
importance. The most prominent are the basidiomycetous
yeasts with anamorphic stages belonging to the genera
Cryptococcus, Malassezia, and Trichosporon. Filamentous
basidiomycetes of clinical importance include the genus
Schizophyllum.

Classiﬁcation of Anamorphic Fungi
In many fungi asexual reproduction has proved so successful
that the sexual stage (the teleomorph) has disappeared or, at
least, has not been discovered. Most of these anamorphic
fungi are presumed to have (or to have had) a teleomorph that
belonged to the phylum Ascomycota; some are presumed to
belong to the phylum Basidiomycota. Even in the absence of
the teleomorph it is now often possible to assign these fungi
to one or other of these phyla on the basis of ultrastructural or
molecular genetic characteristics. In the past, however, these
anamorphic fungi were termed the Fungi Imperfecti and were
divided into several artiﬁcial form-classes according to
their form of growth and production of asexual reproductive
structures. Two form-classes of anamorphic, or “mitosporic,”
moulds are currently recognized, and continue to offer a useful framework for identiﬁcation based on morphology.

Hyphomycetes
The mycelium is septate. The conidia are produced directly
on the hyphae or on special hyphal branches termed
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conidiophores. This class contains a large number of anamorphic fungi of medical importance, including the genera
Aspergillus, Blastomyces, Cladophialophora, Fusarium,
Histoplasma, Microsporum, Penicillium, Phialophora,
Scedosporium, and Trichophyton.

Coelomycetes
The mycelium is septate. The conidia are produced in elaborate structures that are either spherical with an apical opening
(termed pycnidia), or ﬂat and cup-shaped (termed acervuli).
Only a few members of this class are of medical importance.
These include the genera Lasiodiplodia and Pyrenochaeta,
agents of eumycotic mycetoma.

Nomenclature of Fungi and Fungal Diseases
As Odds has commented, there are few things more frustrating to the clinician than changes in the names of diseases or
disease agents, particularly when the diseases concerned are
not very common ones [2]. The scientiﬁc names of fungi are
subject to the International Botanical Code of Nomenclature.
In general the correct name for any organism is the earliest
(ﬁrst) name published in line with the requirements of the
Code of Nomenclature. To avoid confusion, however, the
Code allows for certain exceptions. The most signiﬁcant of
these is when an earlier generic name has been overlooked, a
later name is in general use, and a reversion to the earlier
name would cause much confusion.
There are two main reasons for renaming. The ﬁrst is
reclassiﬁcation of a fungus in the light of more detailed
investigation of its characteristics. The second is the discovery of the teleomorph (sexual stage) of a previously anamorphic fungus. Many fungi bear two names, one designating
their sexual stage and the other their asexual stage. Often
there are two names because the anamorphic and teleomorphic stages were described and named at different times
without the connection between them being recognized.
Both names are valid under the Code of Nomenclature, but
that of the teleomorph should take precedence. In practice,
however, it is more common (and correct) to refer to a fungus
by its asexual designation because this is the stage that is
usually obtained in culture.
Unlike the names of fungi, disease names are not subject
to strict international control. Their usage tends to reﬂect
local practice. One popular method has been to derive disease names from the generic names of the causal organisms:
for example, aspergillosis, candidiasis, sporotrichosis, etc.
However, if the fungus changes its name, then the disease
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name has to be changed as well. For example, moniliasis has
become candidiasis or candidosis, and pseudallescheriasis
has been variously designated monosporiosis, petriellidiosis,
and allescheriasis to match the changing name of the pathogen. In 1992 a subcommittee of the International Society for
Human and Animal Mycology recommended that the practice of forming disease names from the names of their causes
should be avoided, and that whenever possible individual
diseases should be named in the form “pathology A due to
(or caused by) fungus B” [3]. This recommendation was not
intended to apply to long-established disease names, such as
aspergillosis, rather it was intended to offer a more ﬂexible
approach to nomenclature.
There is also much to be said for the practice of grouping
together mycotic diseases of similar origins under single
headings. One of the broadest and most useful of these collective names is the term phaeohyphomycosis, which is used
to refer to a range of subcutaneous and deep-seated infections caused by brown-pigmented moulds that adopt a septate hyphal form in tissue [4]. The number of organisms
implicated as etiologic agents of phaeohyphomycosis has
increased from 16 in 1975 to more than 100 at the present
time. Often these fungi have been given different names at
different times, and the use of the collective disease name
has helped to reduce the confusion in the literature.
The term hyalohyphomycosis is another collective name
that is increasing in usage. This term is used to refer to infections caused by colorless (hyaline) moulds that adopt a septate hyphal form in tissue [5]. To date, more than 70 different
organisms have been implicated. The disease name is
reserved as a general name for those infections that are
caused by less common moulds, such as species of Fusarium,
that are not the cause of otherwise-named infections, such as
aspergillosis.

Laboratory Procedures for the Diagnosis
of Fungal Infection
As with other microbial infections, the diagnosis of fungal
infection relies upon a combination of clinical observation
and laboratory investigation. Superﬁcial and subcutaneous
fungal infections often produce characteristic lesions that
suggest the diagnosis, but laboratory input can aid the diagnostic process where this is not the case, either because
several microorganisms and/or noninfectious processes
produce similar clinical pictures, or because the appearance
of the lesions has been rendered atypical by previous treatment. In many situations where systemic fungal infection
is entertained as a diagnosis, the clinical presentation is
nonspeciﬁc and can be caused by a wide range of infections, underlying illnesses, or complications of treatment.
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The deﬁnitive diagnosis of these infections is based almost
entirely on the results of laboratory investigation.
The successful laboratory diagnosis of fungal infection
depends in major part on the collection of adequate clinical
specimens for investigation. Inappropriate collection or storage of specimens can result in a missed diagnosis. Moreover,
to ensure that the most appropriate laboratory tests are performed, it is essential for the clinician to indicate that a fungal infection is suspected and to provide sufﬁcient background
information. In addition to specifying the source of the specimen, it is important to provide information on any underlying illness, recent travel or previous residence abroad, and
the patient’s occupation. This information will help the laboratory to anticipate which pathogens are most likely to be
involved and permit the selection of the most appropriate
test procedures. These differ from one mycotic disease to
another, and depend on the site of infection as well as the
presenting symptoms and clinical signs. Interpretation of the
results of laboratory investigations can sometimes be made
with conﬁdence, but at times the ﬁndings may not be helpful
or even misleading.
Laboratory methods for the diagnosis of fungal infections
remain based on three broad approaches: the microscopic
detection of the etiologic agent in clinical material; its isolation and identiﬁcation in culture; and the detection of either
a serologic response to the pathogen or some marker of its
presence, such as a fungal cell constituent or metabolic product.
New diagnostic procedures based on the detection of fungal
DNA in clinical material are presently being developed, but
have not yet had a signiﬁcant impact in most clinical laboratories. In the sections that follow, the value and limitations of
current diagnostic procedures for fungal infections are
reviewed.
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and other dermatologic specimens, sputum and other lower
respiratory tract specimens, and minced tissue samples can
be examined after treatment with warm 10–20% potassium
hydroxide (KOH). These samples can then be examined
directly, without stain, as a wet preparation (Figs. 1 and 2).
Alternatively, a drop of lactophenol cotton blue, methylene
blue, or other fungal stain can be mixed with the sample on
the microscope slide. Another useful tool is the chemical
brightener calcoﬂuor white, a compound that stains the fungal cell wall. The preparation is stained with calcoﬂuor white,
with or without KOH, and then read with a ﬂuorescent microscope. The fungal elements appear brightly staining against a
dark background.
India ink is useful for negative staining of cerebrospinal
ﬂuid (CSF) sediment to reveal encapsulated Cryptococcus
neoformans cells. Gram staining can be helpful in revealing

Fig. 1 Unstained potassium hydroxide (KOH) preparation of skin
scrapings showing the presence of dermatophyte hyphae, which are
fragmenting into arthrospores

Direct Microscopic Examination of Clinical
Specimens
In many instances, the tentative or deﬁnitive diagnosis of fungal infection can be made by the direct microscopic detection
of fungal elements in clinical material. Microscopic examination of skin scrapings or other superﬁcial material can reveal
a fungal organism in a matter of minutes. This examination is
very helpful to guide treatment decisions, to determine
whether an organism recovered later in culture is a contaminant or a pathogen, and to assist the laboratory in selecting
the most appropriate culture conditions to recover organisms
visualized on direct smear. Because direct microscopic examination is less sensitive than culture, the latter procedure
should generally always be performed on clinical materials.
Keratinized tissues require pretreatment to dissolve the material and more readily reveal fungal elements. Skin scrapings

Fig. 2 Unstained potassium hydroxide preparation of purulent material from a soft tissue abscess showing a Coccidioides immitis ruptured
spherule and released endospores
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yeasts in various ﬂuids and secretions. Both Giemsa stain
and Wright’s stain can be used to detect Histoplasma capsulatum in bone marrow preparations or blood smears. The
Papanicolaou stain can be used on sputum or other respiratory tract samples to detect fungal elements.
It is necessary to appreciate that both false-positive and
false-negative results do occur with direct microscopic
examination. The results may vary with the quality and age
of the specimen, the extent of the disease process, the nature
of the tissue being examined, and the experience of the
microscopist.

Histopathologic Examination
Histopathologic examination of tissue sections is one of the
most reliable methods of establishing the diagnosis of subcutaneous and systemic fungal infections. However, the ease
with which a fungal pathogen can be recognized in tissue is
dependent not only on its abundance, but also on the distinctiveness of its appearance. Many fungi stain poorly with
hematoxylin and eosin, and this method alone may be insufﬁcient to reveal fungal elements in tissue. There are a number of special stains for detecting and highlighting fungal
organisms, and the clinician should request these if a mycotic
disease is suspected. Methenamine-silver (Grocott or Gomori)
and periodic acid-Schiff (PAS) staining are among the most
widely used procedures for speciﬁc staining of the fungal
cell wall. Mucicarmine can be used to stain the capsule of C.
neoformans.
It should be appreciated that these staining methods,
although useful at revealing the presence of fungal elements
in tissue, seldom permit the precise fungal genus involved
to be identiﬁed. For example, the detection of nonpigmented, branching, septate hyphae is typical of Aspergillus
infection, but it is also characteristic of a large number of
less common organisms, including species of Fusarium and
Scedosporium [6]. Likewise, the detection of small, budding fungal cells seldom permits a speciﬁc diagnosis.
Tissue-form cells of H. capsulatum and Blastomyces dermatitidis, for instance, can appear similar, and can be confused with nonencapsulated cells of C. neoformans. To
overcome this problem, immunohistochemical methods
have been developed for identifying various fungal organisms speciﬁcally in tissue. Monoclonal antibodies that
detect either Aspergillus species or members of the order
Mucorales are commercially available for use in immunohistochemical procedures (see AbD Serotec, Oxford, UK:
www.abdserotec.com), and other antibodies have been evaluated [7, 8]. In the future, it is hoped that monoclonal antibodies speciﬁc for Fusarium and for Scedosporium species
will become commercially available.

Culture
Isolation in culture will permit most pathogenic fungi to be
identiﬁed. Most of these organisms are not fastidious in their
nutritional requirements and will grow on the media used for
bacterial isolation from clinical material. However, growth
on these media can be slow, and development of the structures used in fungal identiﬁcation can be poor. For these reasons, most laboratories use several different culture media
and incubation conditions for recovery of fungal agents.
However, a variety of additional incubation conditions and
media may be required for growth of particular organisms in
culture. The laboratory should be made aware of the particular
fungal agent(s) that are suspected in a given sample so that
the most appropriate media can be included.
Most laboratories use a medium such as the Emmons
modiﬁcation of Sabouraud’s dextrose agar, potato dextrose
agar, or potato ﬂakes agar that will recover most common
fungi. However, many fastidious organisms, such as yeastphase H. capsulatum, will not grow on these substrates and
require the use of richer media, such as brain heart infusion
agar. A variety of chromogenic agars that incorporate multiple chemical dyes in a solid medium can be purchased
commercially for the detection and preliminary identiﬁcation of Candida spp. (examples are CHROMagar Candida
medium [CHROMagar Co., Paris, France]; BBL-ChromAgar
Candida (Becton Dickinson); and Albicans ID (bioMerieux,
France). The medically important Candida spp. appear as
different colored colonies due to differential uptake of these
chromogenic compounds. For example, on CHROMagar
Candida medium after incubation for 48–72 h, C. albicans
produces green colonies, while C. tropicalis produces blue
colonies, C. glabrata produces dark pink to purple colonies,
and C. parapsilosis produces cream to pale pink colonies.
Chromogenic media can be helpful in detecting the presence
of mixed cultures, as well as providing a preliminary species
identiﬁcation. This topic was reviewed by Pincus et al. [9].
Many clinical specimens submitted for fungal culture are
contaminated with bacteria, and it is essential to add antibacterial antibiotics to fungal culture media to remove this contamination. Media containing chloramphenicol and
gentamicin are commercially available. However, other antimicrobial agents are increasingly being used to suppress
growth of bacteria resistant to older agents. If dermatophytes
or dimorphic fungi are being isolated, cycloheximide (actidione) should be added to the medium to prevent overgrowth
by faster-growing fungi.
The optimum growth temperature for most pathogenic
fungi is around 30°C. Material from patients with a suspected
superﬁcial infection should be incubated at 25–30°C, because
most dermatophytes will not grow at higher temperatures.
Material from subcutaneous or deep sites should be incubated
at two temperatures, 25–30°C and 37°C. This is because a
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number of important pathogens, including H. capsulatum,
B. dermatitidis and Sporothrix schenckii, are dimorphic and
the change in their growth form, depending on the incubation
conditions, is useful in identiﬁcation. At 25–30°C these
organisms develop as moulds on Sabouraud’s dextrose agar,
but at higher temperatures on an enriched medium, such as
brain–heart infusion agar, these organisms grow as budding
yeasts. Many pathogenic fungi grow slowly in culture and
require plates to be held for up to 2 weeks, and in some cases
up to 4 weeks, before being discarded as negative. However,
some common pathogenic fungi, such as A. fumigatus and C.
albicans, will produce identiﬁable colonies within 1–3 days.
Cultures should be examined at frequent intervals (at least
three times weekly) and appropriate subcultures made, particularly from blood-enriched media on which fungi often
fail to sporulate.
It is important to appreciate that growth of an organism
in culture does not necessarily establish its role as a pathogen. When organisms such as H. capsulatum or Trichophyton
rubrum are isolated, the diagnosis can be established
unequivocally. If, however, an opportunistic organism such
as A. fumigatus or C. albicans is recovered, its isolation
may have no clinical relevance unless there is additional
evidence of its involvement in a pathogenic process. In
these cases, culture results should be compared with those
of microscopic examination. Isolation of opportunistic fungal pathogens from sterile sites, such as blood or CSF, often
provides reliable evidence of deep-seated infection, but
their isolation from material such as pus, sputum, or urine
must be interpreted with care. Attention should be paid to
the amount of fungus isolated and further investigations
undertaken.
Many unfamiliar moulds have been reported as occasional causes of lethal systemic infection in immunocompromised patients. No isolate should be dismissed as a
contaminant without careful consideration of the clinical
condition of the patient, the site of isolation, the method of
specimen collection, and the likelihood of contamination.
However, it is notable that in a prior study only 24% of 135
unusual moulds isolated from sterile body sites were shown
to be responsible for signiﬁcant clinical disease [10]. In
another report, only 245 of 1,209 isolates of Aspergillus species collected from hospitalized patients represented cases
of clinical aspergillosis [11]. In addition to demonstrating
that not every fungal isolate represents a pathogen, these
studies also make a case that laboratories should investigate
the clinical signiﬁcance of fungal isolates before indiscriminately identifying to species level every isolate that is recovered from a patient sample.
Although culture often permits the deﬁnitive diagnosis of
a fungal infection, it has some important limitations. In particular, the failure to recover an organism does not rule out
the diagnosis, as this may be due to inadequate specimen
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collection or improper or delayed transport of specimens.
Incorrect isolation procedures and inadequate periods of
incubation are other important factors.

Blood Culture
In general, Candida species are more readily recovered from
blood than are dimorphic fungi and moulds. Isolation rates
are higher when the medium is vented and aerated, when
multiple samples of blood are collected, and when larger volumes are cultured. The lysis-centrifugation method (Isolator,
Wampole Laboratories) remains superior to other systems
for recovery of C. neoformans and H. capsulatum [12], but it
is more labor-intensive than other methods, precluding its
routine use in some laboratories. With this procedure, 10 mL
of blood are collected into a tube containing chemicals that
lyse blood cells and inactivate antimicrobial substances present in blood. The tube is centrifuged and the sediment is then
inoculated onto appropriate culture media. However, recent
improvements in the formulation of blood culture media,
together with the development of improved automated blood
culture systems, have made the recovery of Candida species
from standard blood culture bottles generally as effective as
that from lysis centrifugation tubes [12], except that in one
study use of the specialty Myco/F lytic bottle (Bactec)
improved the time to detection of C. glabrata [13]. A study
comparing the Bactec 9240 and BacT/Alert 3D blood culture
systems using simulated Candida blood cultures suggests
that the BacT performed better than the Bactec in overall
growth detection, more rapid growth detection, and fewer
false-negative results [14]. An intriguing study suggests that
the detection of yeasts in the anaerobic bottle of an aerobic/
anaerobic pair incubated in a BACTEC 9240 system was
highly predictive for the isolation of C. glabrata [15].

Fungal Identiﬁcation
Most fungi can be identiﬁed after growth in culture. Classic
phenotypic identiﬁcation methods for moulds are based on a
combination of macroscopic and microscopic morphologic
characteristics. Macroscopic characteristics, such as colonial
form, surface color and pigmentation, are often helpful in
mould identiﬁcation, but it is essential to examine slide preparations of the culture under a microscope. If well prepared,
these will often give sufﬁcient information on the form and
arrangement of the conidia and the structures on which they
are produced for identiﬁcation of the fungus to be accomplished. Because identiﬁcation is usually dependent on visualization of the spore-bearing structures, identiﬁcation is
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Fig. 3 Aspergillus fumigatus conidiophores showing the characteristic
pear-shaped vesicles on which are arranged a single layer of sporeproducing cells termed phialides

usually dependent on the ability of the organism to sporulate
(Figs. 3 and 4). For “difﬁcult” organisms, much laboratory
time can be spent attempting to induce sporulation on various
media so that these structures can be studied. Moulds often
grow best on rich media, such as Sabouraud’s dextrose agar,
but overproduction of mycelium often results in loss of sporulation. If a mould isolate fails to produce spores or other
recognizable structures after 2 weeks, it should be subcultured to a less-rich medium to encourage sporulation. Media
such as cornmeal, oatmeal, malt, and potato-sucrose agars
can be used for this purpose. The use of DNA-based identiﬁcation methods has largely eliminated this requirement.
With some moulds, such as species of Aspergillus, the
characteristic reproductive structures can be easily identiﬁed
after a small portion of the growth is removed from the culture plate, mounted in a suitable stain (such as lactofuchsin)
on a microscope slide and examined. However, it is sometimes essential to prepare a slide culture in order to identify
an isolate. In this technique, a thin square block of a suitable
agar is placed on a sterile microscope slide, inoculated with
a small amount of the fungal culture, covered with a sterile
cover slip, and incubated in a moist environment for up to
2 weeks. The cover slip and agar block are then removed,
mounting ﬂuid is added, and a clean cover slip applied to the
slide. The fungal growth on the slide is then examined for the
presence of spores and other characteristic structures.
Historically, dimorphic fungi such as H. capsulatum and
B. dermatitidis were identiﬁed by observing the conversion
of mycelial growth at 25°C to yeast-like growth at 37°C.
However, development of DNA probe-based tests
(Accuprobe; GenProbe Inc., San Diego, CA) has enabled
these pathogens to be identiﬁed using only a small amount of
mycelial material.
Yeasts are usually identiﬁed on the basis of their morphologic and biochemical characteristics [9]. Useful morphologic

Fig. 4 Phialophora verrucosa showing the characteristic small phialides with cup-shaped collarettes from which the conidia are being
produced

characteristics include the color of the colonies, the size and
shape of the cells, the presence of a capsule around the cells,
the production of hyphae or pseudohyphae, and the production of chlamydospores. Useful biochemical tests include the
assimilation and fermentation of sugars and the assimilation
of nitrate and urea. Most yeasts associated with human infections can be identiﬁed using one of the numerous commercial
identiﬁcation systems, such as the API 20C, API 32C, Vitek
Yeast Biochemical Card, Vitek 2 YST (all BioMerieux),
MicroScan Yeast Identiﬁcation Panel (Dade Behring, West
Sacramento, CA) or the Auxacolor (BioRad, Hercules, CA),
that are based on the differential assimilation of various carbon compounds. However, it is important to remember that
morphologic examination of Dalmau plate cultures on cornmeal agar is essential to avoid confusion between organisms
with identical biochemical proﬁles. A number of simple rapid
tests have been devised for the presumptive identiﬁcation of
some of the most important human pathogens. Foremost
among these is the serum germ tube test for C. albicans,
which can be performed in less than 3 h, the urease test for C.
neoformans, and the rapid trehalose test for C. glabrata.
Several rapid commercial test panels are also available, most
of which are more accurate in the identiﬁcation of the common rather than unusual yeast pathogens [16].

Molecular Methods for Identiﬁcation of Fungi
The use of molecular methods to identify organisms relies on
the assumption that strains belonging to the same species will
demonstrate less genetic variation than organisms that are
less closely related [17]. The last decade has seen a massive
expansion of research into the phylogenetics of pathogenic
fungi [18]. Analysis of aligned ribosomal, mitochondrial, and
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other nuclear DNA sequences has been used to determine
degrees of genetic relatedness among many groups of fungi.
One outcome of this work has been the demonstration of
close genetic relationships between several anamorphic
(asexual) fungi and organisms with teleomorphs (sexual
stages) that belong to the Ascomycota or Basidiomycota [19].
Phylogenetics research has led to the deposition in international databases of large numbers of DNA sequences for
many groups of fungi, both pathogenic and saprophytic. The
availability of this sequence information and increased understanding of phylogenetic relatedness have proven enormously
helpful in the development of DNA-based diagnostics for
fungal infections.
Portions of the multicopy ribosomal DNA genes are most
commonly used as targets in species identiﬁcation. The internal transcribed spacer (ITS) 1 and ITS2 regions are located
between the small and large ribosomal subunits, and the
~600 nucleotide D1/D2 region is part of the large (26 S) ribosomal subunit. These regions have been shown to contain
sufﬁcient sequence heterogeneity to provide differences at
the species level. Ribosomal genes exist in 50–500 copies
per cell, so are detected with better sensitivity than a singlecopy gene. In some cases, E tubulin, elongation factor D,
calmodulin, or other loci have been used for identiﬁcation.
Most methods of species identiﬁcation have exploited the
enormous resolving power of the polymerase chain reaction
(PCR). With PCR, as little as a few picograms of input DNA
can be ampliﬁed so that, after 30–40 cycles, the resulting
product can be visualized on an agarose gel or detected using
chemiluminescence, spectrophotometry, or a laser instrument. Furthermore, ampliﬁcation occurs in a speciﬁc manner
that is determined by the temperature selected for the primer
annealing step and by the sequence of the complementary
primers, the short DNA segments that initiate the PCR elongation step upon binding (annealing) to the input DNA. A
variety of methods for amplifying and detecting DNA of
interest have been described [20]. Selected methods and
studies will be summarized here.
Direct PCR generates a speciﬁc DNA product that is visualized on an agarose gel or after capillary electrophoresis.
Fungal identiﬁcation is based on the presence of the fragment, the size of the fragment, or the speciﬁc fragment pattern. These methods are very simple to perform, but their
sensitivity is directly related to the ability to visualize the
fragment(s) and their speciﬁcity depends on the uniqueness
of the fragment size or pattern for a given species.
Misidentiﬁcation can occur when different species generate
fragment(s) of the same size. Different variations of direct
PCR have been described. In single-step PCR, the PCR is
primed with short oligonucleotides that will amplify only
DNA of a particular genus or species, generating a speciesspeciﬁc DNA product or family of products [21]. Nested
PCR was originally developed to improve the sensitivity and
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speciﬁcity of ﬁrst-generation assays. A DNA product of
broad speciﬁcity is ampliﬁed in the ﬁrst round, and then this
product is reacted with species-speciﬁc internal primers in a
second round of PCR. The product that is generated after the
second round is speciﬁc for the intended target from the species of interest only [22].
RAPD (randomly ampliﬁed polymorphic DNA), also
known as AP-PCR (arbitrarily primed PCR), uses random
ten-mer oligonucleotide primers to amplify DNA from any
region of the genome where the primers can bind. Different
species are distinguished by the different patterns of fragments on the gel [23]. This method has found limited utility
due to poor interlaboratory reproducibility, but is still helpful
in some circumstances. The “rep-PCR” method (Bacterial
BarCodes, Athens, GA) involves ampliﬁcation of repetitive
element DNA, which is present in multiple copies throughout the genomes of bacteria and fungi. The resultant rep-PCR
pattern is analyzed on a microﬂuidics chip in an Agilent analyzer. Each unknown DNA generates a pattern of fragments,
which are compared to patterns in a library of known species
patterns, to identify an unknown DNA by its match to a pattern of a known species in the library. This system has been
used for the identiﬁcation of a number of medically important fungi [24]. The potential utility of this method for fungal
identiﬁcation will be apparent after analysis of a broader
panel of species and larger numbers of geographically representative isolates.
PCR-RFLP (PCR restriction fragment length polymorphism) uses restriction enzyme(s) to digest fragment(s) generated by PCR ampliﬁcation. Species identity is determined
by examining the pattern after separation of the fragments
using gel electrophoresis. To improve sensitivity and speciﬁcity, this has been combined with DNA probe hybridization
in a Southern blotting-type format. The ﬁrst generation of
probes were short species-speciﬁc DNA fragments labeled
with a chemical tag. After restriction enzyme digestion, the
ampliﬁed DNA is ﬁxed to a membrane and then the membrane is reacted with the labeled probe. Speciﬁc binding of a
probe to its target is visualized as color development at the
position(s) of probe binding. Another modiﬁcation is PCREIA, performed in a microtiter plate, where a universal DNA
target is ampliﬁed and then challenged with probe(s), each
speciﬁc for a particular species. Binding of a particular probe
to its complementary DNA sequence on the PCR amplicon
can be visualized as a change in color in the microtiter well
[25]. Other modiﬁcations of this approach have included slot
blot hybridization, reverse line blot, and reverse hybridization line-probe assays (LiPA) to detect speciﬁc binding of
probes to DNA targets [26–28]. In reverse line blot assays,
up to 43 probes can be used simultaneously. The LiPA is
performed on a membrane strip, thus providing ﬂexibility.
Newer generations of probes use ﬂuorescent labels, where
complementary binding leads to a release of energy that can
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be detected by laser-containing instruments. Fluorescence is
proportional to the amount of input DNA, so that quantitative
results can be provided in “real time” [29]. The newest assays
include real-time PCR platforms such as TaqMan [30], FRET
or LightCycler systems [31], biprobes, melting curve analysis systems, and molecular beacons. A TaqMan probe consists of a 5c reporter dye, a 3c quencher dye, and a 3c blocking
phosphate group. The probe is cleaved by the 5c endonuclease activity of Taq polymerase, thus releasing the reporter
dye ﬂuorescence only when it is hybridized to a complementary target. Fluorescence resonance energy transfer (FRET)
assays use two hybridization probes and ﬂuorescence is
emitted only if both probes hybridize to the target. Molecular
beacons are single-stranded hairpin-shaped oligonucleotide
probes, which unfold and release ﬂuorescence when bound
to the complementary target. All of these systems have been
evaluated in the identiﬁcation of various fungi, including
Histoplasma, Aspergillus, Candida, Coccidioides, Fusarium,
Penicillium, and Paecilomyces species.
Microarrays are assays where many thousands of probeto-target sequence binding reactions can be performed on the
surface of a tiny microchip, and then rapidly detected and
analyzed by computer [32]. Another recent development
based on the principle of probe-template binding is the multianalyte proﬁling (xMAP) system (Luminex Corp., Austin,
TX). This assay utilizes a novel ﬂow cytometer and tiny
beads color-coded with unique dyes that enable each bead to
be distinguished from all other beads in the laser reader. PCR
is ﬁrst performed using universal primers, where the target
region of interest is ampliﬁed and labeled with biotin. The
amplicons are mixed with a series of speciﬁc capture probes
immobilized each on a different bead. After incubation with
streptavidin, the biotin reporter molecule, the beads are analyzed in a laser which distinguishes among the beads and
also identiﬁes the bead(s) where a positive biotin-streptavidin reaction has occurred, signifying that the probe has
hybridized to a speciﬁc amplicon. In this manner, DNA from
an unknown organism can be scanned with up to 100 different probes simultaneously in one tube [33].
Isothermal systems represent another strategy for identifying fungal DNA. These methods do not require a thermal
cycler, as the entire assay is conducted at a single temperature. These systems include nucleic acid sequence-based
ampliﬁcation (NASBA), loop-mediated isothermal ampliﬁcation (LAMP), and rolling circle ampliﬁcation (RCA).
NASBA uses three enzymes to produce a cDNA product
from single-stranded RNA. LAMP uses six speciﬁc primers
to form multiple stem-loop structures when primers anneal
to alternate inverted repeats of the gene target. RCA is based
on the rolling replication of short ssDNA circles.
The peptide nucleic acid ﬂuorescent in situ hybridization
assay (PNA-FISH) is commercially available for the detection and identiﬁcation of Candida DNA in smears directly
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from blood culture bottles [34]. PNA molecules are synthetic
DNA mimics which allow hybridization with high speciﬁcity. The commercially available Yeast Trafﬁc Light PNA
FISH (AdvanDx, Woburn, MA) contains three probes: C.
albicans/C. parapsilosis (green ﬂuorescence), C. glabrata/C.
krusei (red ﬂuorescence), and C. tropicalis (yellow ﬂuorescence). The color is read with a ﬂuorescent microscope.
DNA sequencing offers a method for identifying organisms that fail to sporulate or are otherwise refractory to conventional identiﬁcation methods. The Clinical and Laboratory
Standards Institute [www.clsi.org] has recently issued guidelines establishing interpretive criteria for identiﬁcation of
fungi using DNA target sequencing [35]. With most fungal
isolates, the ITS region(s) and the D1/D2 or D2 ribosomal
regions are the most commonly sequenced loci. In a few
cases, ITS sequencing does not provide sufﬁcient resolution,
so that protein-coding regions such as E tubulin, elongation
factor D, or RPB2 (the second largest RNA polymerase subunit) are used for species identiﬁcation. Pyrosequencing,
which is performed on a short taxonomically signiﬁcant
region of 20 or so nucleotides, has also been reported as a
more rapid and economical alternative to full-length sequencing for yeast identiﬁcation [36].
The reliability of the molecular identiﬁcation is, of course,
directly related to the reliability of the database with which
comparisons are made. Identiﬁcation of unknown fungal isolates can be made by comparing a partial DNA sequence of
that organism with sequences in a central database such as
GenBank, operated by the National Library of Medicine
[www.ncbi.nlm.nih.gov/ BLAST], or the CBS database operated by the Centraalbureau voor Schimmelcultures in the
Netherlands [www.cbs.knaw.nl]. GenBank contains thousands of DNA sequences from medically important as well as
saprophytic fungi. Any investigator can submit a new DNA
sequence to GenBank for no cost, thus continually expanding
the number of sequences in the database. An extensive
GenBank database of D1D2 large ribosomal subunit
sequences exists for ascomycetous and basidiomycetous
yeasts. Many ITS sequencing studies are also contributing to
an expansion of that database as well [20, 35]. The main disadvantage of the GenBank database is the lack of curatorial
control. Incorrect entries are not challenged, and phylogenetic changes in genus/species names are not always made.
The more restricted CBS databases contain sequences from
isolates whose identiﬁcation has been well validated phenotypically and taxonomically. The MicroSeq D2 LSU fungal
sequencing system (Applied Biosystems) is a commercially
available fungal identiﬁcation system which provides reagents
for sequencing the ~300 nucleotide D2 region of the large
ribosomal subunit, identiﬁcation and analysis software, and a
library of fungal sequences. Another commercial system,
SmartGene IDNS (SmartGene, Lausanne, Switzerland; www.
smartgene.com) offers a system where proofreading of DNA
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sequences, sequence alignment, interpretation, phylogenetic
tree, and report creation are integrated into a set of web-based
modules.
Many techniques have been described in the literature for
the DNA-based identiﬁcation of fungal isolates. In general,
these procedures have not been validated using large representative populations of the species of interest. Furthermore,
only a few of these methods are commercially available and
most require expertise usually found only in research laboratories. Their interlaboratory reproducibility is also generally
unknown. In time, we will develop more knowledge and
understanding of these tools as we continue to employ them
with a wider range of fungi. Each clinical laboratory will
decide how to integrate molecular methods into their standard identiﬁcation practices [37]. These decisions will be
made based on workﬂow, specimen volume, turnaround
time, and cost. However, it is important to note that, as has
been stated earlier, many fungal isolates recovered from clinical samples do not represent signiﬁcant disease. The identiﬁcation of fungal pathogens requires input from both the
clinician and the laboratorian for the diagnostic process to be
successful and productive.

Molecular Subtyping of Fungi
Molecular subtyping is the process of assessing the genetic
relatedness of a group of isolates of the same species.
Molecular subtyping may be performed in the context of an
epidemiologic investigation where particular isolates are
being assessed as the potential source of an outbreak. In a
broader sense, molecular subtyping data can also be used to
determine the relationship between colonization and infection, to trace the emergence of drug-resistant strains in a
population, or to address questions regarding the role of
relapse versus reinfection in recurrent disease. In a global
sense, molecular subtyping data can be used to trace the
spread of virulent clones throughout a particular geographic
region or around the world.
Various methods can be used for fungal subtyping. In
general, phenotype-based methods have proved irreproducible and are no longer used for this purpose. Furthermore, C.
albicans and related species have been shown to undergo
high-frequency switching among a number of phenotypes,
thus altering a number of phenotypic traits with each activation–deactivation of the switch phenotype.
Strain typing methods for pathogenic fungi are now
based on procedures that measure genetic relatedness. To be
successful, DNA ﬁngerprinting methods should meet several criteria: they should not be affected by changes in the
environment, and they should provide, as much as possible,
an effective measure of genetic distance between any two
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isolates in the population. In addition, typing methods
should assess DNA sequences that are fairly stable over
time, i.e., do not undergo recombination, gene exchange, or
genomic switching events at high frequencies. The ability to
store data electronically and to retrieve data rapidly is also
helpful as it enables results of different studies to be compared over time and among different investigators [38].
In interpreting subtyping data, it is important to understand that every genome contains segments that evolve at different rates. Thus it is important to assess the resolution of
the subtyping probe, i.e., which “speed” of the molecular
clock is being measured by the chosen probe. It is also important to decide the epidemiologic question being asked prior
to choosing molecular subtyping probes. This is important
because different probes may be more or less useful for different circumstances. For example, a study examining serial
patient isolates collected over a period of years may require
a distinction to be made between bands that change as a
result of microevolution (undergo recombination at extremely
high frequency) and bands that change less rapidly. Thus
when any two isolates are examined, it can be determined
whether band changes are due to microevolution within a
single isolate, or due to the appearance of a second unrelated
fungal strain. The ideal subtyping probe for this type of study
may be different from that chosen for an analysis of a hospital outbreak, where isolates collected at one point in time are
to be studied.
A number of methods brieﬂy described here have historically been used for subtyping, but have largely been supplanted by direct DNA sequencing-based techniques [39].
Multilocus enzyme electrophoresis (MEE) was one of the
ﬁrst methods used to assess the presence of cellular isoenzymes or allozymes. The enzyme activities are directly
related to the alleles of the genes coding for these enzymes,
so that by comparing allelic differences within a series of
isolates their genetic relatedness can be directly assessed.
RFLP analysis (see previous section) was another early
method used to assess genetic relatedness. The classical
RFLP method suffers from a lack of sensitivity for strain discrimination, which was improved somewhat by transferring
the DNA to a membrane and hybridizing with a labeled DNA
probe. The resolution of single-copy probes, which generate
one or two bands per sample, is usually not sufﬁcient for
most epidemiologic studies. Southern blotting has also been
applied using complex or repetitive element probes, which
are DNA fragments containing sequences that are dispersed
throughout the genome of the organism. Repetitive element
probes have been described for A. fumigatus, C. albicans, C.
glabrata, C. parapsilosis, C. tropicalis, and C. dubliniensis
[38]. These probes provide ﬁngerprints of sufﬁcient complexity so that genetic variability can be analyzed at multiple
levels. The ﬁngerprint patterns contain bands that arise as a
result of microevolution (most variable), as well as bands of
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moderate variability and low or no variability. Repeat sequences
have also been used to develop probes for C. neoformans
[40] and Aspergillus ﬂavus [41]. This method suffers from a
lack of portability and ease of result exchange, and has been
largely replaced with direct DNA sequencing.
Electrophoretic karyotyping, or separation of fungal chromosomes using pulsed-ﬁeld gel electrophoresis, has also
been used to ﬁngerprint a number of Candida spp., as well as
C. neoformans, A. nidulans, H. capsulatum, and C. immitis
[38]. Karyotyping appears to be able to discriminate among
unrelated strains. However, the phenomenon of high-frequency switching in C. albicans may make karyotyping
unsuitable for studying moderately related isolates.
RAPD analysis has also been used in DNA ﬁngerprinting
of many organisms including C. albicans, C. glabrata, C.
parapsilosis, C. tropicalis, C. lusitaniae, A. fumigatus, A. ﬂavus, C. neoformans, B. dermatitidis, and H. capsulatum [38].
One reason for its popularity is that no prior information
about the genome of the organism is required. However, a
number of problems have been identiﬁed in obtaining intraand interlaboratory reproducibility of this method [42].
Longer repetitive sequences such as the minisatellite M13
(from the phage M13), T3B (from the transfer RNA
sequence), and TELO1 (from telomeric sequences) have also
been used as ﬁngerprinting primers. They can demonstrate
reliable discrimination among strains under carefully controlled conditions.
Ampliﬁed fragment length polymorphism (AFLP) cuts
genomic DNA with two enzymes, ligates synthetic DNA
fragments to these ends, and then ampliﬁes these ligated
fragments in a PCR reaction. The result is a complex banding pattern of 50–500 base pair fragments [43]. This method
has been used for typing of a number of fungal loci, with
high discriminatory power.
The most recently developed methods employ direct
sequencing to analyze the relationship among various DNA
fragments. Multilocus sequence typing (MLST) is a method
in which the DNA sequences of six to eight polymorphic
fragments of “housekeeping” genes are directly obtained and
compared to one another. The results can be expressed as
individual sequences (genotypes) at each locus, or as diploid
sequence types (DSTs), unique combinations of the genotypes in each isolate. The use of MLST does require prior
knowledge of the relevant housekeeping gene sequences.
MLST data for a number of fungal taxa have been stored on
a central database and are available through the internet
(www.mlst.net). New genotypes and DSTs can be contributed by investigators around the world, and can thus add to
the information about the genetic and population structure of
the fungal species for which MLST is useful. MLST has
demonstrated typing results comparable to those obtained with
older methods with C. albicans [44] and other medically
important organisms [45], and has been used to demonstrate

strain replacement and microvariation in C. albicans [46].
MLST methods are generally useful for typing most of the
pathogenic Candida species except C. parapsilosis, which
does not demonstrate sufﬁcient sequence diversity.
Microsatellites, or short tandem repeats, are stretches of
tandemly repeated mono- to hexanucleotide sequences dispersed throughout the genome. They have a high level of
polymorphism due to expansion and contraction of the number of repeat elements during each cycle of DNA replication.
Microsatellite polymorphisms are manifested as allelic
length differences due to the different number of repeated
units present in the alleles. Microsatellites are analyzed by
amplifying the polymorphic loci directly using ﬂuorescentlylabeled primers, and then either measuring the fragment
sizes directly using a laser, or obtaining the full DNA
sequence of the target product. When a number of methods
were compared for their ability to type the highly genetically
variable species A. fumigatus, microsatellite typing showed
the highest discriminatory power [43, 47]. A variation of
microsatellite typing that has been used with several fungal
species is inter-simple-sequence-repeat (ISSR) PCR typing.
This method involves ampliﬁcation of DNA fragments that
are located between two closely adjacent microsatellite
sequences. The resulting PCR products are labeled with ﬂuorescent tags and are sized when separated in a capillary. This
method has been used to type 84 isolates of Scedosporium
proliﬁcans collected worldwide [48].
Retrotransposon-like insertion context (RISC) typing has
also been used for A. fumigatus [49] as an alternative to
Southern blotting. This method employs retrotransposonlike sequences as ampliﬁcation targets. An adapter is ligated
to cohesive ends generated by restriction enzyme digestion
of genomic DNA. The ﬂanking sequences of the retrotransposon elements are then ampliﬁed using an outward oriented,
ﬂuorescently labeled internal primer targeting the 5c long terminal repeat of the Afut 1 element. Fluorescent ampliﬁcation
products can be analyzed using capillary electrophoresis.

Serologic Testing
Serologic testing often provides the most rapid means of
diagnosing a fungal infection. The majority of tests are based
on the detection of antibodies to speciﬁc fungal pathogens,
although tests for fungal antigens are now becoming more
widely available. At their best, individual serologic tests can
be diagnostic, e.g., tests for antigenemia in cryptococcosis
and histoplasmosis. In general, however, the results of serologic testing are seldom more than suggestive or supportive
of a fungal diagnosis. These tests must be interpreted with
caution and considered alongside the results of other clinical
and laboratory investigations.
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Tests for antibodies have proved useful in diagnosing
endemic fungal infections, such as histoplasmosis and coccidioidomycosis in immunocompetent persons. In these individuals, the interval between exposure and the development
of symptoms (2–6 weeks) is usually sufﬁcient for a humoral
response to develop. Tests for fungal antibodies are most
helpful when paired serum specimens (acute and convalescent) are obtained, so that it can be determined whether titers
are rising or falling. Tests for detection of antibodies are
much less useful in immunocompromised persons, many of
whom are incapable of mounting a detectable humoral
response to infection.
In this situation, tests for detecting fungal antigens can be
helpful. Antigen detection is an established procedure for the
diagnosis of cryptococcosis and histoplasmosis, and similar
tests have been developed for aspergillosis and candidiasis.
Antigen detection methods are complicated by several
important factors. First, antigen is often released in minute
amounts from fungal cells necessitating the use of highly
sensitive test procedures to detect low amounts of antigen
circulating in serum. Second, fungal antigen is often cleared
very rapidly from the circulation, necessitating frequent collection of samples [50]. Third, antigen is often bound to circulating IgG, even in immunocompromised individuals, and
therefore steps must be taken to dissociate these complexes
before antigen can be detected [51].
Numerous methods are available for the detection of antibodies in persons with fungal diseases. Immunodiffusion
(ID) is a simple, speciﬁc and inexpensive method, but it is
insensitive and this reduces its usefulness as a screening test.
Complement ﬁxation (CF) is more sensitive, but more difﬁcult to perform and interpret than ID. However, CF remains
an important test for a number of fungal diseases, including
histoplasmosis and coccidioidomycosis. Latex agglutination
(LA) is a simple but insensitive method that can be used for
detection of antibodies or antigens. It has proved most useful
for detection of the polysaccharide capsular antigens of C.
neoformans that are released in large amounts in most
patients with cryptococcosis. More sensitive procedures,
such as enzyme-linked immunosorbent assay (ELISA), have
also been developed and evaluated for the diagnosis of a
number of fungal diseases.
Serologic testing is a valuable adjunct to the diagnosis of
histoplasmosis. At this time the CF and ID tests are the principal methods used to detect antibodies in individuals with
this disease [52, 53]. The principal antigen used in both these
tests is histoplasmin, a soluble ﬁltrate of H. capsulatum
mycelial cultures. The CF test is more sensitive, but less speciﬁc than ID. Approximately 95% of patients with histoplasmosis are positive by CF, but 25% of these are positive only
at titers of 1:8 or 1:16. CF titers of at least 1:32 or rising titers
in serial samples are considered to be strong presumptive
evidence of infection. Because low titers of CF antibodies
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can persist for years following acute histoplasmosis, and
because cross-reactions can occur in patients with other fungal infections, care must be taken to exclude these diseases if
the clinical signs and symptoms are not typical of histoplasmosis. The ID test is more speciﬁc, but less sensitive than CF
and can be used to assess the signiﬁcance of weakly positive
CF results. Using histoplasmin as antigen, two major precipitin bands can be detected with the ID test. The M band
can be detected in up to 75% of patients with acute histoplasmosis, but may also be found in nearly all individuals with a
past infection. The H band is speciﬁc for active disease, but
only occurs in 10–20% of proven cases. Attempts to improve
the serologic diagnosis of histoplasmosis by replacing the
CF test with more sensitive procedures, such as ELISA, have
largely proved unsuccessful, due to the presence of crossreactive moieties associated with the H and M antigens.
Antigen detection has proved a more useful method for
the rapid diagnosis of histoplasmosis in patients presenting
with acute disease, as well as in those with disseminated
infection [52]. In acute disease, antigen can be detected
within the ﬁrst month after exposure before antibodies
appear. The most popular test is a quantitative enzyme immunoassay (MiraVista Diagnostics, Indianapolis, IN) [54], but
similar assays are offered by several other vendors.
Histoplasma polysaccharide antigen has been detected in
serum, urine, CSF, and bronchoalveolar lavage ﬂuid. The test
has proved particularly successful in detecting antigen in
urine from HIV-infected individuals with disseminated histoplasmosis. Antigen usually disappears with effective treatment, and its reappearance can be used to diagnose relapse
[52]. Care should be taken in interpreting results obtained
from different laboratories [55]. In addition, false-positive
reactions have been reported in patients with blastomycosis,
paracoccidioidomycosis, coccidioidomycosis, and penicilliosis [56, 57].
Serologic testing is also invaluable in the diagnosis and
management of patients with coccidioidomycosis [58]. In
the immunodiffusion tube precipitin (IDTP) test, heated coccidioidin (a ﬁltrate of autolysed C. immitis/C. posadasii
mycelial cultures) is used as antigen to detect IgM antibodies
to Coccidioides spp. These can be found within 1–3 weeks
after the onset of symptoms, but disappear within a few
months of self-limited disease [59]. The sensitivity of the
IDTP test is improved by concentration of serum prior to
performing the test. Several commercial LA tests are available for the detection of IgM antibodies. These also utilize
heated coccidioidin as antigen, are simpler and faster to perform, and are more sensitive than the IDTP test in detecting
early infection. However, LA has a false-positive rate of at
least 6%, and the results should be conﬁrmed using the ID
method.
In the CF test, a heat-labile protein antigen derived from
coccidioidin is used to measure IgG antibodies against
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Coccidioides species [59]. These antibodies do not appear
until 4–12 weeks after infection, but may persist for long
periods in patients with chronic pulmonary or disseminated
disease, thus providing useful diagnostic information. Low
CF titers of 1:2 to 1:4 are usually indicative of early, residual,
or meningeal disease, but are sometimes found in individuals
without coccidioidomycosis. Titers of >1:16 or rising titers
of CF antibodies are consistent with spread of disease beyond
the respiratory tract. More than 60% of patients with disseminated coccidioidomycosis have CF titers of >1:32.
However, titer alone should not be used as the basis for diagnosis of dissemination, but should be considered alongside
the results of other clinical and laboratory investigations.
A commercially available enzyme immunoassay (Premier
Coccidioides EIA; Meridian Bioscience Inc., Cincinnati,
OH) measures IgM and IgG antibodies, and displays acceptable sensitivity and speciﬁcity.
Antigen assays are now commercially available for the
diagnosis of coccidioidomycosis [60] and blastomycosis
[61] (MiraVista Diagnostics). Urine, serum, and bronchial
lavage ﬂuid can be tested. These assays display good sensitivity, but cross-reactivity has been reported with samples
from patients with histoplasmosis, paracoccidioidomycosis,
and penicilliosis.
Tests for Aspergillus antibodies have been extensively
evaluated for the rapid diagnosis of invasive aspergillosis,
but their role remains uncertain. Tests for detection of antibodies include ID, indirect hemagglutination, and ELISA.
The ID test is simple to perform and has proved valuable for
the diagnosis of aspergilloma and allergic bronchopulmonary aspergillosis in immunocompetent individuals [53].
Tests for Aspergillus antibodies have, however, seldom been
helpful in diagnosis of invasive or disseminated infection in
immunocompromised patients.
Tests for the detection of Aspergillus antigens in blood
and other body ﬂuids offer a rapid means of diagnosing
aspergillosis in these individuals. Low concentrations of
galactomannan, a major cell wall component of Aspergillus
species, have been detected in serum, urine, and bronchoalveolar lavage ﬂuid from infected patients. However, galactomannan is rapidly cleared from the blood, and tests for its
detection are helpful in management only if performed on a
regular basis. Antigen testing is now included within the
consensus deﬁnitions for diagnosing aspergillosis in immunocompromised patients with cancer and hematopoietic stem
cell transplant (HSCT) recipients [62].
A commercial sandwich ELISA (Platelia Aspergillus;
BioRad Laboratories, Hercules, CA) for measuring
Aspergillus cell wall galactomannan antigen levels in serum
was approved by the US Food and Drug Administration
(FDA) in 2006. As clinical experience with this ELISA has
increased, it has become clear that results obtained depend
on a number of factors, including the stage of the disease at the
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time of testing and the use of antifungal drugs as treatment or
prophylaxis [62]. The latter factor has been shown to signiﬁcantly reduce levels of circulating galactomannan. Published
results have also depended on several test parameters, including the cut-off value used, and whether two consecutive positive test results were required for signiﬁcance.
The Platelia Aspergillus ELISA results are reported as a
ratio between the optical density of the patient’s sample and
that of a control with a low but detectable amount of galactomannan. The optimal cut-off value to maximize test sensitivity and speciﬁcity has been the subject of debate since this
test ﬁrst became available. Until recently, a ratio of >1.5 was
considered to be positive, and a ratio <1.0 to be negative.
More recent studies have used a cut-off ratio of 0.5:1.0, and
the FDA approved a value of 0.5. This greatly increases the
sensitivity of the test, albeit at some loss of speciﬁcity [63].
Although the Platelia Aspergillus ELISA is a promising
tool for the early diagnosis of aspergillosis, false-positive
results have been reported for 75% of pediatric HSCT recipients [64], and for 20% of lung transplant recipients [65].
Among the causes of these false-positive results have been
the administration of piperacillin-tazobactam and other betalactam antibiotics, neonatal gastrointestinal colonization
with Biﬁdobacterium, and enteral feeding with a liquid nutrient that contained soybean protein [62, 66].
Tests for Candida antibodies have been extensively
evaluated but remain of limited usefulness in the diagnosis
of invasive forms of candidiasis. These tests are complicated by false-positive results in patients with mucosal
colonization or superﬁcial infection, and by false-negative
results in immunocompromised individuals. Antigen detection tests have also been extensively evaluated for the rapid
diagnosis of invasive forms of candidiasis. Numerous
circulating antigens have been studied as potential targets,
including mannan (a heat-stable cell wall component), enolase,
proteinase, and other immunodominant antigens [67]. Test
formats that have been investigated include LA, ELISA, and
dot immunoassay.
Several commercial LA tests have been developed for
detection of mannan, but these have been found to be relatively insensitive. More recently, a sandwich ELISA (Platelia
Candida Antigen; Bio-Rad Laboratories) has been marketed
in Europe. By combining the results of the Platelia Candida
Antigen ELISA with those of a commercial ELISA for detection of antimannan antibodies (Platelia Candida Antibody;
Bio-Rad Laboratories), mannan antigen and/or antimannan
antibodies have been found in 69% of patients with invasive
candidiasis by the time the ﬁrst positive blood culture was
obtained [68]. Non-neutropenic surgical patients present ﬁrst
with positive antibody tests, while hematologic patients present with antigenemia.
The LA test for C. neoformans capsular polysaccharide
antigen in serum and CSF is invaluable in the diagnosis of
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meningeal and disseminated forms of cryptococcosis [53].
The test is sensitive and speciﬁc, giving positive results with
CSF specimens from well over 90% of infected patients. In
general, CSF and serum antigen titers are higher in persons
with acquired immunodeﬁciency syndrome (AIDS) than in
other immunocompromised individuals. High or rising titers
indicate progression of infection, while falling titers indicate
regression of disease and response to treatment. Occasional
false-positive results have been caused by infection with
organisms, such as Trichosporon asahii (T. beigelii), that
share cross-reacting antigens with C. neoformans, or by nonspeciﬁc interference from rheumatoid factor, which can be
eliminated by prior treatment of the sample with pronase.
False-negative results can occur if the organism load is low,
or if the organisms are not well-encapsulated. False-negative
results have also been reported with the LA test owing to a
prozone effect, but this can be corrected by dilution of the
sample.
In general, tests for antibodies to C. neoformans are of
little diagnostic usefulness. However, they can be of value
for assessing prognosis. Antibodies may be detected during
the early stages of the disease or in patients with localized
infection, but they are rapidly eliminated by the large amounts
of capsular antigen released during evolution of the infection. Antibodies may subsequently reappear after successful
treatment.

b -D-Glucan Testing
(1–3)-E-d-glucan is a cell wall component of many fungi,
including Aspergillus and Candida spp., but is not found in
Cryptococcus species or zygomycetes. It can be detected in
serum during fungal infection by using a chromogenic variant of the limulus amoebocyte lysate assay [69]. In 2006, the
FDA approved the Fungitell assay (Associates of Cape Cod,
Inc., East Falmouth, MA) for the presumptive diagnosis of
invasive fungal infections, and E-d-glucan testing is now
included within the consensus deﬁnitions for diagnosing
these infections in immunocompromised patients with cancer and HSCT recipients [70]. Although a positive test result
for the presence of (1–3)-E-d-glucan does not identify the
etiologic agent, the Fungitell assay can be used as a screening method for invasive fungal infection, allowing the earlier
initiation of antifungal treatment. However, false-positive
reactions have been reported in patients with bacterial infections, in those who have recently received albumin or immunoglobulin products, and among those exposed to other
sources of glucan, such as are found in cotton bandages,
hemodialysis membranes and ﬁlters. The test also requires
endotoxin-free dedicated glassware to reduce laboratory
contamination [66].
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Molecular Diagnostics
DNA-based assays for the detection of pathogenic fungi in
clinical samples are now beginning to be marketed in some
countries. This section will not attempt to list exhaustively
all studies on this topic, but will sample the current published
literature. Brief descriptions of the methods can be found in
the section on Fungal Identiﬁcation. Assays have been
described for the detection of fungal DNA from nearly all
body sites, but particularly blood (serum, plasma, and whole
blood), respiratory ﬂuids, CSF, ophthalmic materials, and
dermatologic samples. Most molecular diagnostic assays are
PCR-based, to take advantage of the increase in sensitivity
offered by the many-fold ampliﬁcation of PCR targets as
well as the speciﬁcity offered through appropriate primer/
probe design. The LightCycler SeptiFast (Roche Molecular
Systems) was the ﬁrst commercial in vitro diagnostic assay
for PCR-based detection of fungal pathogens in whole blood
[71]. The MYC Assay (Myconostica, Manchester, UK) is
currently undergoing evaluation as a molecular beacon assay
to detect Aspergillus and Pneumocystis in respiratory samples (www.myconostica.co.uk).
The most active area of research is in the development of
assays to detect and identify Candida and Aspergillus species in blood. Generally, these tests are intended for prospective monitoring of immunosuppressed patients at risk for
fungal diseases, particularly hepatosplenic candidiasis or
invasive forms of aspergillosis, and for the early detection of
these difﬁcult-to-diagnose diseases so that appropriate therapy can be initiated.
A recent review describes platforms and strategies for
detection of Aspergillus DNA in blood [72]. In one of the
earliest papers on this topic, Einsele et al. described a PCR
designed to amplify a fungal-speciﬁc 18S ribosomal sequence
from blood and then to identify the fungal pathogen using
species-speciﬁc hybridization [73]. Since then, numerous
papers have been published on this subject, using Southern
blotting, PCR-EIA, nested PCR, and real-time PCR formats
to detect Aspergillus DNA in bronchial lavage ﬂuids, whole
blood, plasma, or serum samples. A meta-analysis of 16
studies describing the use of PCR tests for the diagnosis of
invasive aspergillosis was recently published [74], and results
from more than 10,000 blood, serum, or plasma samples
from 1,618 patients at risk were evaluated. These authors
concluded that a single PCR-negative test is sufﬁcient to
exclude a diagnosis of proven or probable invasive aspergillosis according to the European Organization for Research
and Treatment of Cancer-Mycoses Study Group (EORTCMSG) deﬁnitions; however, two positive tests are required to
conﬁrm the diagnosis due to a requirement for higher speciﬁcity. They comment that future studies should distinguish
between the use of the test to screen for the presence or
absence of invasive aspergillosis in high-risk patients as
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compared to use of the test to conﬁrm the disease in symptomatic patients. The use of two different PCR targets might
be appropriate for the latter purpose. They also found a need
for standardizing the PCR methodology, including the nature
of the sample, volume tested, DNA extraction methods,
choice of target gene, detection of PCR products, and use of
appropriate controls.
PCR detection of Candida species in blood has been
investigated in many studies, due in part to the recognition
that blood cultures are positive in fewer than half the cases of
invasive candidiasis. Methods used have included PCRRFLP, Southern blot hybridization, PCR-EIA, microarrays,
LightCycler FRET, TaqMan, molecular beacons, biprobes
and melt curve analysis, and Luminex [20]. Most studies
have reported high sensitivity and speciﬁcity, although the
fungal load in blood is low (as low as <1 cfu/mL in some
cases). Several groups have reported that Candida DNA was
detected more readily in serum and plasma than in whole
blood, but there is no current consensus on the most appropriate clinical sample for Candida diagnostics.
A number of publications describe the use of PCR to
detect fungal pathogens in maxillary sinus tissue, nails, corneal tissue, vitreous ﬂuids, and other ophthalmic samples
[75]. In one representative study, nested PCR was used for
detection and identiﬁcation of C. albicans, A. fumigatus, and
F. solani [76]. The authors noted that one patient sample was
PCR positive but culture negative, suggesting that molecular
testing may permit a diagnosis to be made even when organisms cannot be grown from the sample. A nested PCR has
been described that detects DNA from Trichophyton and
Microsporum species in human and veterinary dermatologic
samples [77]. DNA could be detected even in the presence of
contaminating bacterial organisms. DNA from various
Malassezia species could be detected in dressings applied to
skin lesions of affected patients [78].
Historically, diagnosis of fungal infections using fresh or
parafﬁn-embedded tissue has been complicated by several
problems. Fungi can be extremely difﬁcult to distinguish
from one another in tissue, contributing to misdiagnosis [6].
Many organisms demonstrate atypical morphology in tissue.
Many fungi, particularly mucormycetes (formerly zygomycetes) cannot be reliably cultured from tissue. Finally in
many cases fungal culture is never ordered, so that histopathologic ﬁndings cannot be extended or conﬁrmed. A
number of PCR-based approaches and in situ hybridization
assays have been developed to address these problems and to
identify DNA recovered from tissue blocks. In the former
category, a panfungal PCR targeting the ITS-1 region combined with DNA sequencing [79], a seminested PCR with
sequencing [80], and PCR combined with Southern blot
analysis [81] have been described. In the second category, in
situ hybridization using probes directed against fungal ribosomal DNA has been used for the identiﬁcation of fungi in

tissue sections from ﬁve skin biopsies [82]. In situ hybridization
is not helpful unless fungal organisms can be visualized
using conventional histopathologic staining. Varying degrees
of success have been reported in the recovery of DNA from
formalin-ﬁxed tissues. The formalin ﬁxation step has been
reported to cause degradation of ampliﬁable DNA as a result
of DNA cross-linking. In cases where DNA cannot be recovered, immunohistochemical staining of tissue may be helpful
(see Histopathologic Examination).
Molecular diagnostics offer great hope for the rapid detection and identiﬁcation of difﬁcult-to-culture organisms, for
detection of antifungal drug resistance, and for rapid diagnosis directly from host tissues and ﬂuids. At this time, many
research laboratories offer “in-house” procedures for molecular identiﬁcation of fungal isolates from culture plates, from
tissue, or from body ﬂuids. Their sensitivity, speciﬁcity, predictive value, and clinical relevance have not always been
rigorously investigated. It is to be hoped that in the future the
relevance of these assays will be demonstrated and that they
will be introduced to a broader audience in the clinical microbiology laboratory community.

Antifungal Drug Susceptibility Testing
As with antibacterial compounds, tests designed to ascertain
the minimum amount of drug needed to inhibit the growth of
fungal strains in culture (minimum inhibitory concentration
or MIC) are often assumed to be the most dependable means
of determining the relative effectiveness of different antifungal agents and of detecting the development of drug-resistant
strains. In addition, it is often assumed that the clinical outcome of treatment can be predicted from the results of in vitro
testing of a patient’s isolate against a panel of potentially
useful agents. Such an approach to the selection of antifungal agents has become more reasonable with the development of a reliable and reproducible reference procedure for
in vitro testing of fungal species against antifungal agents
and the demonstration of correlations with clinical outcome,
at least for some forms of candidiasis. However, the pitfalls
of assuming a correlation between the results of susceptibility testing of other antifungal drugs and organisms in vitro
and outcome in vivo should not be underestimated. With an
increase in drug resistance demonstrated among such diverse
fungi as C. glabrata, A. fumigatus, A. terreus, C. neoformans,
and S. apiospermum [83–87], and the expanded range of
antifungal agents, it is clear that the need for meaningful
methods of in vitro testing of both new and established agents
is increasing.
Starting in the mid-1980s there was a movement to establish a standardized methodology for antifungal susceptibility
testing, and to this end the CLSI (formerly the National
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Committee for Clinical Laboratory Standards [NCCLS])
formed a Subcommittee on Antifungal Susceptibility Testing.
The ﬁrst publication of a standardized methodology for antifungal susceptibility testing occurred in 1997 when the
NCCLS published an approved reference method (document M27-A) for the in vitro testing of ﬁve antifungal agents
(amphotericin B, ﬂucytosine, ﬂuconazole, itraconazole, and
ketoconazole) against Candida species and C. neoformans
by the broth macrodilution and microdilution methodologies [88]. Although imperfect, this ﬁrst document facilitated
the establishment of interpretive breakpoints for ﬂuconazole
and itraconazole against Candida spp., speciﬁed a deﬁned
test medium (RPMI-1640 broth buffered to pH 7.0 with
MOPS), and recommended an inoculum standardized by
spectrophotometric reading to around 1,000 cells/mL. Two
expanded editions of this document have now been published. The third document in this series is M27-A3 [89].
This document provides quality control (QC) limits at 24
and 48 h for amphotericin B, ﬂucytosine, ﬂuconazole, itraconazole, voriconazole, posaconazole, ravuconazole, ketoconazole, anidulafungin, micafungin, and caspofungin
against an expanded set of QC strains [90].
The M27-A reference series has permitted much greater
standardization of the in vitro testing of antifungal agents;
however, several problems remain unresolved. These include
the poor performance of the recommended culture medium
in tests with some organisms and with amphotericin B, the
method of end point determination, and the proper interpretation of trailing growth in tests with azole agents [91].
The deﬁned culture medium described in the CLSI reference procedure (RPMI-1640 broth buffered to pH 7.0 with
MOPS) has proven less than ideal for the testing of some
Candida species and C. neoformans. Increasing the glucose
concentration of the medium from 0.2% to 2% results in better growth of most isolates of Candida species, making the
visual determination of end points easier without signiﬁcantly altering the observed MICs of amphotericin B, ﬂucytosine, ﬂuconazole, or ketoconazole [92, 93]. Another
modiﬁcation that appears to be helpful is the use of yeast
nitrogen base medium in tests with C. neoformans [94].
Although not speciﬁcally recommended, both of these modiﬁcations have been noted in Supplement M27-S3 [95].
It has become evident that the use of the M27-A method
to test Candida species against amphotericin B results in a
restricted range of MICs. Given these results, there has been
concern that the reference procedure might not detect resistance to amphotericin B. The difference in amphotericin B
MICs between susceptible and resistant strains is more pronounced when antibiotic medium 3 (AM3) is used instead of
standard RPMI-1640 medium [96]. However, complete separation of resistant from susceptible isolates has not been
achieved by using AM3 medium. In addition, AM3 is a nonstandardized medium and lot-to-lot variation is a limiting
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factor to its use [97]. It is recommended that laboratories that
use this alternative medium introduce strains of Candida
species with known amphotericin B MICs as controls.
The M27-A procedure relies upon the visual determination of MIC end points. However, the recommended end
points differ for different antifungal agents. For amphotericin B, the end point is deﬁned as the lowest concentration at
which there is complete inhibition of growth. The end point
for azoles and echinocandins for both macro- and microdilution testing has been deﬁned as the point at which there is
a prominent reduction in growth. For macrodilution testing,
prominent reduction in growth has been shown to correspond to an 80% reduction in growth relative to that observed
in the growth control. However, when the microdilution format is utilized and read with a spectrophotometer, the speciﬁed prominent visual reduction in growth best corresponds
to a 50% spectrophotometric growth inhibition end point
[98, 99].
The M27-A3 document recommends 24-h readings for
caspofungin, micafungin, and anidulafungin, 24- or 48-h
readings for ﬂuconazole and amphotericin B, and 48-h readings for voriconazole, itraconazole, posaconazole, and ﬂucytosine. An investigation of 11,000 clinical isolates of
Candida species using the CLSI broth microdilution methodology to compare 24- and 48-h test results for ﬂuconazole
showed 93.8% categorical agreement with only 0.1% very
major errors. The essential agreement, two log2 dilutions,
was 99.6% [100]. The lowest categorical agreement was for
C. glabrata and was predominantly the result of isolates that
were susceptible at 24 h but susceptible-dose dependent at
48 h [100]. When the initial dosing and outcome data set
used to establish the 48-h breakpoints for ﬂuconazole was
reevaluated using the 24-h readings, the clinical outcome
and pharmacodynamic data strongly supported the early
reading [101]. Again, the exceptions were those species
with MIC distributions at the higher end of the range, such
as C. glabrata.
Readings taken at 24 h may be more relevant for some
isolates. Isolates for which the earlier reading is important
show a dramatic rise in drug MIC between 24 and 48 h due
to “trailing” growth. The term trailing has been used to
describe the reduced but persistent growth which some isolates of Candida species (primarily C. albicans and C. tropicalis) exhibit over an extended range of azole drug
concentrations, making interpretation of the MIC end point
difﬁcult [102, 103]. Estimated as occurring in about 5% of
isolates [104], this trailing growth can be so great as to make
an isolate that appears to be susceptible after 24 h appear
completely resistant at 48 h. Two independent in vivo investigations of this phenomenon that employed murine models
of disseminated candidiasis [103, 104] have shown that trailing isolates should be classed as susceptible rather than resistant. This concept has been corroborated by the clinical
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demonstration that most episodes of oropharyngeal candidiasis
due to trailing isolates respond to low doses of ﬂuconazole,
used to treat typical susceptible isolates [102].
The inclusion of a colorimetric indicator into the culture
medium has been found to produce much clearer visual end
points in tests with azole antifungal agents and to generate
MICs that are in close agreement with those obtained using
the standard broth dilution procedures [105, 106]. Commercial
colorimetric microdilution plate panels for the in vitro testing of antifungal agents are now available for diagnostic use
in the United States. Comparisons of the Sensititre YeastOne
Colorimetric Antifungal Panel (Trek Diagnostics Systems
Inc., Westlake, OH), which incorporates alamar blue as the
colorimetric indicator, with the M27-A reference procedure
have demonstrated good agreement between the methods
[107–111]. In addition to clearer end points, other beneﬁts
include reduced incubation times and storage of the panels
for up to 2 years at room temperature. There are also some
data showing a good correlation between Sensititre YeastOne
and the M38-A reference procedure [112].
Interpretive guidelines (breakpoints) have been determined for ﬂuconazole, itraconazole, voriconazole, caspofungin, anidulafungin, micafungin, and ﬂucytosine against
all Candida species [113–115]. Initial breakpoints for ﬂuconazole and itraconazole were based largely on studies of
mucosal candidiasis and there were very little clinical outcome data for isolates with elevated MIC values to ﬂuconazole [113]. Subsequently, a reanalysis of the breakpoints
incorporating additional clinical trial data and pharmacodynamic analysis, as well as consideration of mechanisms of
resistance, reafﬁrmed the original breakpoints [116].
Breakpoints for voriconazole were developed in 2006 and
were based largely on outcome data from six phase III clinical trials with 1,681 Candida isolates from nonneutropenic
patients with candidemia [115]. The relevance of these breakpoints in other clinical settings remains to be established.
Interpretive criteria for echinocandin antifungal agents
were published in 2008 [114]. Because of a lack of clinical
isolates with elevated MIC values to the echinocandins, a
single “susceptible only” breakpoint was assigned for caspofungin, anidulafungin, and micafungin at d2 Pg/mL. A lower
breakpoint would encompass almost all isolates of C. albicans, C. glabrata and C. tropicalis, but the higher breakpoint
was chosen to avoid bisecting the distribution of C. parapsilosis MIC values.
Following the principles established for testing Candida
species and C. neoformans, the CLSI subcommittee on antifungal susceptibility testing has developed an approved reference procedure (document M38-A) for broth microdilution
susceptibility testing of conidium-forming ﬁlamentous
fungi [117]. The essential features of this method include
the use of a broth microdilution format, a deﬁned test
medium (RPMI-1640 broth buffered to pH 7.0 with MOPS),
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an inoculum standardized by spectrophotometric reading to
around 10,000 colony-forming units per milliliter, and
visual determination of the MIC end point after incubation
at 35°C for 24–72 h. This procedure was developed using
isolates of Aspergillus species, Fusarium spp., S. apiospermum, and S. schenckii. The methods of inoculum preparation, choice of inoculum size, time of reading, and end point
selection have all been evaluated in a series of multicenter
investigations [118, 119]. Nongerminated conidia are used
because, at least with Aspergillus species, similar results
have been obtained for germinated and nongerminated
conidia [120, 121]. Quality control guidelines have been
established for amphotericin B, itraconazole, voriconazole,
and posaconazole [122].
Although the M27-A reference procedure served as the
starting point for the M38 document, there are several signiﬁcant differences between the two methods. The inoculum
is about ten times higher than for yeasts and requires a different method of preparation. Because of the differences in
the size and light-scattering properties of the spores produced by these fungi, the M38-A document speciﬁes different optical densities for each genus. Careful preparation of
the inoculum is essential, since a concentration outside the
speciﬁed range will result in an altered MIC to most antifungal
agents [123].
The end point deﬁnition is another point where the M38
and M27 procedures differ. In M27, azoles and echinocandins are read at a partial inhibition end point (deﬁned as the
lowest drug concentration producing a prominent reduction in growth). In the M38-A2 standard it is recommended
that reading the end point at 100% inhibition (no growth)
better detects resistance of Aspergillus species to itraconazole and the newer triazoles [121, 124]. For the echinocandins it is recommended that the minimum effective
concentration (MEC) be used to deﬁne breakpoints. The
MEC is the lowest concentration of drug that leads to
growth of small, rounded, compact hyphal forms as compared to the control well.
The development of the M27 and M38 reference procedures for in vitro testing has provided an essential standard
against which possible alternative methods can be evaluated. Microdilution procedures are time-consuming and
labor-intensive, and there is a need for simpler and more
economical methods of antifungal susceptibility testing for
routine clinical use. Among the simpler methods that are
now being evaluated are the agar disk diffusion tests and the
Etest.
The most recent set of standards from CLSI is M44-A, a
reference method for antifungal disk diffusion susceptibility
testing [125]. Disk diffusion is already widely used in clinical laboratories for testing bacteria, so this document provides a simple, rapid, and cost-effective method for
susceptibility testing of fungi. Mueller-Hinton agar, which
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may already be available in some clinical laboratories, supplemented with 2% glucose and methylene blue dye, is the
recommended testing medium. Quality control limits for ﬂuconazole and voriconazole have been developed [126, 127].
Criteria have been established for ﬂuconazole against
Candida species by comparing inhibition zone diameters to
MICs generated by the M27-A broth microdilution method
and by testing against isolates with known resistance mechanisms [128, 129]. One advantage of the disk diffusion assay
is that the zone diameters are read at 24 h. However, reading
the prominent reduction in growth is highly subjective and
can lead to susceptible isolates being categorized as resistant
[130]. Otherwise, there is very good agreement between
broth microdilution and disk diffusion for ﬂuconazole [130],
and even though there are no approved criteria at this writing, for voriconazole as well [131]. Standards for disk diffusion susceptibility testing of moulds are currently under
consideration [132].
The Etest (AB Biodisk, Solna, Sweden) is a patented
commercial method for the quantitative determination of
MICs. It is set up in a manner similar to a disk diffusion test,
but the disk is replaced with a calibrated plastic strip impregnated with a continuous concentration gradient of the antimicrobial agent. Following incubation, the MIC is determined
from the point of intersection of the growth inhibition zone
with the calibrated strip. Both nonuniform growth of the
fungal lawn and the presence of a trailing growth edge can
make end point determination difﬁcult. However, with experience and standardized procedures, the correlation between
the Etest and the M27-A reference procedure has been
acceptable for most Candida species and the azole and echinocandin antifungal agents [111, 133–135]. For many
moulds, including Aspergillus species, good correlations
with amphotericin B, posaconazole and itraconazole Etest
and MICs by the M38 method have been reported [136–
139]. The Etest has proved useful for the determination of
amphotericin B MICs and represents one of the more reliable ways to detect resistant isolates [140–142]. QC Etest
limits for the two M27 QC isolates against amphotericin B,
ﬂucytosine, ﬂuconazole, itraconazole, and ketoconazole
have been proposed [133].
Currently, there are only three commercially available
systems that are FDA approved for in vitro susceptibility
testing of ﬂuconazole. These are the Sensititre YeastOne
System (Trek Diagnostics, Cleveland, OH), Etest (AB
BIODISK, Solna Sweden) and the VITEK2 system
(bioMerieux, Hazelwood, MO). The VITEK2 is a fully automated and standardized spectrophotometric system, already
in use for bacteriology in many clinical laboratories, that
computes MIC values from closed cards containing dehydrated drug. In a multicenter evaluation of 426 Candida isolates, the overall agreement with broth microdilution read at
24 and 48 h was 97.9% and 93.1%, respectively. Categorical
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agreement with the 24-h read was 97.2% but dropped to
88.3% at 48 h. This was mainly attributable to trailing growth
of C. glabrata isolates. The mean time of incubation for the
VITEK2 cards was 13 h, greatly reducing the time needed
for an accurate result [143]. Cards with voriconazole, ﬂucytosine, and amphotericin B also show strong categorical
agreement with broth microdilution [144].
The European Union Committee on Antimicrobial
Susceptibility Testing (EUCAST) has developed a similar
but slightly modiﬁed set of standards for susceptibility testing of yeasts that result in essentially the same MIC values
as the CLSI methodology [145, 146]. Quality control strains
and quality control ranges for amphotericin B, ﬂucytosine,
ﬂuconazole, itraconazole, posaconazole, and voriconazole
have been established [147]. The EUCAST methodology
has some notable differences from the CLSI method. Both
use RPMI 1640 as the growth medium, but the EUCAST
methodology adjusts the glucose concentration to 2%,
which has been shown to enhance the growth of most yeasts
without signiﬁcantly impacting the MIC value [148]. The
inoculum used in the EUCAST methodology is 50 times
that dictated by CLSI. Finally, all MIC values are determined by measuring absorbance using a plate reader, and
they are determined after 24 h of incubation [145, 149]. For
these reasons, the CLSI breakpoints cannot be applied to
isolates whose MIC values were determined by the EUCAST
methodology [150].
For ﬂuconazole, the MICs generated by the EUCAST
method and by the CLSI method are essentially the same up
to 2 Pg/mL, but above this level the CLSI generated MIC
values are twofold higher [150]. The result is that there are
two sets of breakpoints for ﬂuconazole depending upon the
standards on which the testing was based [113, 145]. It must
be borne in mind that the EUCAST breakpoints currently
only include the species C. albicans, C. tropicalis, and C.
parapsilosis, do not include a susceptible dose-dependent
category, and the pharmacodynamic analyses used to evaluate the breakpoints were based on doses of 400 and 800 mg
[145]. That being said, when 475 Candida isolates were
tested by the two methodologies simultaneously and the
respective breakpoints were applied, there were only eight
major discrepancies. Three isolates that were resistant by
the EUCAST method were susceptible by the CLSI method,
and ﬁve isolates that were susceptible by the EUCAST
method were resistant by the CLSI method [150]. The latter
ﬁve isolates all had a trailing growth phenotype and all were
susceptible by the CLSI methodology when MIC values
were determined at 24 h. Breakpoints for voriconazole have
been established for C. albicans, C. tropicalis, and C. parapsilosis. Like the ﬂuconazole breakpoints, the EUCAST voriconazole breakpoints are much lower than the CLSI
breakpoints and there is no susceptible dose-dependent
category [151, 152].
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The EUCAST group has also established a standardized
methodology for the determination of microbroth MIC values to moulds [153]. This is essentially the same as that used
for yeasts, with the exceptions that the inoculum is calculated by counting spores under a hemocytometer, the MIC
end points are determined visually, and MEC values are
determined for the echinocandins. No interpretive criteria
have been established for any species of mould.
As Rex et al. have commented [91], the ability to generate
an MIC is of little value without the corresponding ability to
interpret its clinical meaning. However, this process is far
from straightforward for a number of reasons. First, MICs
are not a physical measurement. Second, host factors play a
critical role in determining clinical outcome. Third, susceptibility in vitro does not uniformly predict therapeutic success
in vivo. Fourth, resistance in vitro will often, but not always,
correlate with treatment failure [113]. After compiling clinical correlation data for both bacteria and fungi, Rex and
Pfaller devised what they called the “90-60 rule” [154]. The
90-60 rule made the observation that infections due to isolates which are susceptible in vitro respond to appropriate
therapy approximately 90% of the time while infections due
to isolates which are resistant in vitro (or which are treated
with inappropriate therapy) respond to treatment approximately 60% of the time. In this way, susceptibility testing is
seen only as a portion of the process in determining proper
therapy for a patient and may be better described as a process
for identiﬁcation of antimicrobial therapy which is less likely
to succeed [154].
Although antifungal susceptibility testing has come a
long way in the last 20 years there are still some major gaps
to be ﬁlled. There is no standardized methodology for testing dimorphic fungi in either the yeast or mould form.
There are no breakpoints for any drugs against Cryptococcus
species or any of the moulds. A more critical evaluation of
current breakpoints, including their correlation with therapeutic outcome and species-speciﬁc breakpoints, is needed.
Susceptibility testing is often helpful for isolates of Candida
species (especially for species other than C. albicans) from
deep sites, and may help physicians with step-down therapy
now that the antifungal armamentarium has expanded.
Testing of oropharyngeal isolates of Candida species from
patients who have failed to respond to standard azole
treatment can help to distinguish failures due to drug resistance from other causes. At this point in time, for moulds,
species identiﬁcation will have a larger impact on choice of
therapy than in vitro susceptibility testing. However, testing
for a resistant isolate following a prolonged nonresponse
to therapy may help the clinician determine the proper
course of therapy. Given these limitations, antifungal susceptibility testing has now become a useful clinical tool. It
is not, however, an infallible guide to the treatment of
fungal infections.
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Epidemiology of Systemic Fungal Diseases: An Overview
Benjamin J. Park, Tom M. Chiller, Mary E. Brandt, and David W. Warnock

The epidemiology of systemic fungal diseases has evolved
rapidly over the past 2 decades. Advances in medical treatment have led to improved survival in the general population,
but these advances have also led to larger numbers of individuals (including those who have indwelling catheters, who
are in intensive care, who have received various immunosuppressive therapies, and who are undergoing organ or stem cell
transplantation) being at risk for fungal infection. The global
human immunodeﬁciency virus (HIV) pandemic has led to
unprecedented numbers of opportunistic fungal infections,
including candidiasis, cryptococcosis, histoplasmosis, and
penicilliosis. While the numbers have dropped dramatically
in developed nations [1–4], many countries in sub-Saharan
Africa [5–7] and parts of Asia [8–10] remain highly affected
by these and other fungal diseases. Migration patterns, land
use, and climate factors are thought to have contributed to a
marked increase in the incidence of coccidioidomycosis [11]
in the endemic areas of the southwestern USA and in the
emergence of Cryptococcus gattii infections [12, 13] in British
Columbia, Canada, and the Paciﬁc northwestern USA.
This chapter will focus on public health aspects of systemic fungal diseases. It will discuss principles of epidemiology, risk factors, and prevention of infection by using speciﬁc
fungal diseases as examples of broader public health principles. Major public health issues will be discussed, including
potential strategies for minimizing morbidity and mortality
related to fungal diseases.

programs, but can also include improved methods for early
diagnosis or improved treatment strategies to prevent disease
sequelae. Once measures are identiﬁed it is important to act to
reduce disease and disease-related morbidity and mortality.
In order to achieve the ultimate goal of prevention, public
health activities need to encompass a wide array of interrelated issues, including understanding disease occurrence or
incidence (the number of new cases of a disease during a
period of time), performing surveillance to identify disease,
investigating outbreaks to determine the source and stop disease transmission, deﬁning risk factors for disease, and ultimately implementing prevention strategies. Some in public
health refer to these activities as the cycle of disease control
and prevention (Fig. 1).
As depicted in Fig. 1, activities of public health are related
and lead from one to another. For example, surveillance can
determine the incidence of disease in a given population.
Surveillance may also help identify outbreaks of disease and
may lead to further epidemiologic investigation. These activities are useful to identify risk factors or prevention measures, as well as to guide applied research projects so that
epidemiologic ﬁndings can be better understood. Applied
research may in turn identify useful prevention tools, such as
new vaccine candidates.
Finally, an important role of public health is to measure
the effect of prevention measures and to determine how to
improve the effectiveness of any prevention effort. This is
performed through continued surveillance for the disease,
thus beginning the cycle anew.

Cycle of Disease Prevention
Prevention of disease is the ultimate goal of public health.
Prevention measures may include limiting risk factors, developing educational campaigns, and administering vaccination
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Surveillance
Public health surveillance is deﬁned as the ongoing, systematic collection, analysis, interpretation, and dissemination of
data regarding a health-related event for use in public health
action to reduce morbidity and mortality and to improve
health [14, 15]. It is one of the most vital functions of public
health agencies. Surveillance data are used to measure the
burden and trends of diseases, to detect new pathogens, and
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Fig. 1 The cycle of disease control and prevention

to evaluate quality of care [15]. It is also essential to determine the effectiveness of interventions such as prevention
guidelines and vaccination programs. Various epidemiologic
surveillance systems (to be distinguished from microbiologic
surveillance) have been used to examine systemic fungal diseases [3, 7, 16–25].
Surveillance systems can vary by the population under
surveillance (population-based surveillance vs sentinel surveillance), or by the method of data collection (active vs passive surveillance).

Population-Based Surveillance
Population-based surveillance is a type of surveillance performed within a well-deﬁned catchment area where data on
the population are accessible. This catchment area is often a
geographic location, such as a city, county, state, or province,
because a reliable population can be derived from census
data. In population-based surveillance programs, all cases of
the disease under surveillance in the catchment area are identiﬁed. However, only cases occurring among residents of the
catchment area are counted toward the incidence calculation
because the denominator (population as deﬁned by census)
only includes residents of that geographic area. Incidence
can then be calculated as the number of new cases occurring
in the population during a deﬁned time period, divided by the
total population (i.e., cases of disease per 100,000 residents
of the surveillance area per year).
Population-based surveillance programs for a number of
systemic fungal diseases have now been conducted in a number of different countries worldwide. For example, the Centers
for Disease Control and Prevention (CDC) conducted population-based surveillance for Candida bloodstream infections
(candidemia) at different sites in the USA during 1992–1994,
and again during 1998–2000. These studies were conducted
in metropolitan San Francisco and Atlanta (1992–1994)
[26], Baltimore City/County, and the state of Connecticut
(1998–2000) [20] and showed that the annual incidence of
candidemia was 8–10 cases per 100,000 population [20, 26].

Another population-based surveillance conducted in the state
of Iowa between 1998 and 2001 demonstrated an annual incidence of candidemia of 6 cases per 100,000 population [27].
Population-based surveillance has also been conducted in a
number of European countries, where the annual incidence of
candidemia has been lower, generally between 1.8 and 4.9
cases per 100,000 persons [16, 28–31].
Population-based surveillance has the advantage of providing the most representative description of the epidemiology of a disease in the area under surveillance, because large
numbers of individuals may be included and because cases
are detected in a multitude of settings, from small outpatient
clinics to large tertiary-care centers. For example, in the population-based surveillance of candidemia in Connecticut and
Baltimore, a total of 4.7 million persons were under surveillance in 47 hospitals [20]. However, performing such widescale surveillance often requires considerable expense and is
difﬁcult to sustain for long periods of time.
Another type of population-based surveillance is one in
which the catchment area is not deﬁned by geography, but by
a common cohort (group) of persons. In such cohort studies,
adequate follow-up is essential to determine the presence or
absence of infection and therefore inclusion as a case of disease or as a noncase. Cohort studies, as opposed to geographically deﬁned populations, are advantageous when only
subsets of the general population are at risk for a certain
infection. For example, a cohort study conducted among persons with HIV in Uganda during 1995–1999 determined an
annual incidence of cryptococcosis of 4.0% [5].
Recently, a cohort strategy was used to determine incidence
of fungal diseases in a transplant population. CDC, in partnership with academic transplant centers across the USA, conducted surveillance for invasive fungal infections among stem
cell and organ transplant recipients between 2001 and 2006
[32]. This network of tertiary care transplant centers was appropriate for surveillance of this patient population because these
procedures are generally only performed at these types of institutions. Data from this large network are more broadly representative of systemic fungal diseases following transplantation
performed in the USA than studies from individual centers.

Sentinel Surveillance
Another important type of surveillance is sentinel surveillance. This is usually conducted at selected sites (often medical centers), rather than in the entire population of a
geographic area. Sentinel surveillance is generally easier to
perform and less costly than population-based surveillance, and as a result, is performed more frequently.
Although it is not possible to estimate the total burden of
disease in a population with this form of surveillance, it can
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be helpful for diseases such as candidemia for which the
at-risk population is captured.
Since candidemia is primarily a healthcare-associated
infection, hospitals are good sites for sentinel surveillance,
since hospital-based denominators such as hospital admissions
and patient-days can be used. As a result, numerous sentinel
surveillance studies for candidemia have been performed.
Published incidence rates for candidemia have ranged from 2.0
cases per 10,000 hospital admissions in France during 1997–1999
[33] to 24.9 cases per 10,000 admissions in Brazil during
2003–2004 [17]. Explanations for these differences in incidence rates by geographic region are not obvious, but may be
related to differences in the prevalence of particular risk factors
in the population. Such factors likely include differences in
antibacterial or antifungal agent use, differences in patient
demographics, including race and sociodemographic factors,
infection control practices, or medical care, such as frequency
of central venous catheter utilization or abdominal surgery.
One particular beneﬁt of performing surveillance over
time is to be able to determine trends in incidence. In the
examples we have noted earlier, studies conducted over time
cannot only determine if the incidence of candidemia in general is changing, but can also detect changes in the incidence
of individual pathogens. Some surveillance data from intensive care units in the USA have suggested that although the
species distribution has shifted from predominantly Candida
albicans in the 1980s to an increase in the proportion of nonalbicans species during the 1990s, it was a decrease in the
incidence of C. albicans that led to this shift [24]. Some
reports from Europe have demonstrated stable incidence
rates of both C. albicans and non-albicans candidemia [34],
while others have actually demonstrated an increase in candidemia incidence overall [30, 31].
It is important to distinguish surveillance from disease
registries, which are collections of cases. Registries can be
useful sources of information about clinical details of cases,
particularly for rare diseases, such as mucormycosis [35], or
even for diseases occurring in special hosts, such as transplant recipients [36, 37]. However, for the purposes of public
health surveillance, registries are of limited value. They do
not provide information on incidence because meaningful
and appropriate denominator data do not exist. Registries are
also subject to ascertainment bias, in which selected participation or case ﬁnding can lead to biased data. As a result,
registries may not be representative of broader populations
and probably should not be interpreted as such.

Active Surveillance
Active surveillance is a surveillance method whereby data
collection is initiated by the investigator or public health
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authority. In these systems, one or more components of the
surveillance, such as case ﬁnding and detection, are performed consistently and periodically throughout the length
of the surveillance period. An example of active surveillance
is a system whereby microbiology laboratory records are
reviewed and audited periodically to detect new cases of a
disease. Clinical information about the cases may then be
collected and recorded to describe the epidemiology.
Active surveillance for fungal diseases is expensive and
often difﬁcult to conduct, but it results in more complete and
accurate information because virtually all cases of the disease in question are being counted. It has enabled accurate
population-based incidence rates to be determined for several invasive fungal infections, including Candida bloodstream infections and cryptococcosis [3, 16, 17, 19, 20, 23,
26]. It has also permitted a more representative description
of the epidemiology of these diseases.
One difﬁculty with performing active surveillance is the
amount of resources required to sustain this effort for prolonged periods. Dedicated staff are generally needed to perform case ﬁnding and conﬁrmation, as well as to recover
clinical data. Isolates are often submitted to a central laboratory, which may perform species conﬁrmation and antimicrobial susceptibility testing. Because of the resources
required, surveillance may not be conducted continuously in
order to measure trends in incidence. One strategy to overcome this is to repeat surveillance at periodic intervals in the
same population. Active, population-based surveillance for
candidemia is currently ongoing in Atlanta and Baltimore,
where population-based surveillance was performed previously [20, 26]. These data will describe the changing epidemiology of candidemia in these populations and ascertain
whether changes in incidence of antifungal susceptibility or
species distribution have occurred.

Passive Surveillance
Passive surveillance systems are provider-initiated: the data
are reported to public health authorities without being
actively requested. The vast majority of public health surveillance is passive. The advantage of passive surveillance
systems is their low cost, as fewer resources are required.
However, the quality and completeness of the data are not as
high as that collected through active systems.
An example of a passive surveillance system for a fungal
disease is the notiﬁable disease surveillance system for coccidioidomycosis. In the endemic states of the southwest
USA, cases of coccidioidomycosis are reported by providers
or laboratories to state health departments. Data submitted
generally include basic demographic data only. Total case
counts are then submitted to CDC, which compiles and
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reports state, regional, and national data in the Morbidity
and Mortality Weekly Report (available at www.cdc.gov/
mmwr.pdf).
These data show that the incidence of coccidioidomycosis
has been increasing steadily, especially in the endemic states
of Arizona and California [38, 39]. In Arizona, coccidioidomycosis is now the third-most-common infection
reported to the state health department with an annual incidence of 91 per 100,000 population in 2006 [40]. In California,
in 2006, the overall incidence in the state was 8 per 100,000
population, but in the highly endemic area of Kern County,
the incidence was 150 per 100,000 population [39].
Passive surveillance data, while easier to collect, are
often limited in scope. Clinical and demographic data,
which would require more active methods to capture, are
often sparse. In addition, case counts may not be complete,
as the public health authority is not actively collecting cases
or performing audits to ensure that all cases have been
reported.

Issues with Surveillance
Case Deﬁnitions
In order to perform reliable surveillance for a disease, standard case deﬁnitions must be applied. Case deﬁnitions may
vary depending on their purpose. For example, a deﬁnition
used for surveillance purposes may not need to be as strict as
a deﬁnition used for enrollment criteria in a clinical trial.
One example of this is the case deﬁnition used for invasive mould infections. Although consensus case deﬁnitions
have been developed for clinical trial enrollment of immunocompromised patients with cancer and hematopoietic
stem cell transplant recipients, [41, 42] these deﬁnitions are
complicated and are therefore cumbersome for surveillance
purposes.
Establishing accurate incidence estimates of invasive
mould infections, such as aspergillosis and zygomycosis,
remains a major challenge. CDC performed active population-based surveillance for mould infections as a part of a
broader laboratory-based fungal surveillance conducted in
San Francisco in 1992–1993 [23]. However, for case detection this study relied on laboratory reports of positive fungal
cultures [23]. This case deﬁnition may not have been accurate: A positive mould culture has a poor positive predictive
value because it fails to distinguish between colonization
and infection. Furthermore, not all mould infections result
in a positive culture result. Indeed, patients who are diagnosed with an invasive mould infection often have this diagnosis reached by a combination of approaches including
culture, histopathology, and increasingly, antigenic markers,
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such as galactomannan. When future surveillance studies in
the general population are performed, simpler and more reliable surveillance case deﬁnitions for mould infections will
need to be developed.
Case deﬁnitions can be complicated, but public health
authorities have sometimes been successful in simplifying
these deﬁnitions for surveillance purposes. Prior to 2007,
the serologic component of the case deﬁnition for coccidioidomycosis required a documented rise in IgG titer for a
case to count as a reportable infection. After consulting
with experts in the disease and considering the relative cost
and beneﬁt of a simpliﬁed deﬁnition, the Council of State
and Territorial Epidemiologists in 2007 agreed to modify
the case deﬁnition to include persons with a single positive
serologic test result as adequate for deﬁnition of a case for
surveillance purposes [43]. This simpliﬁed surveillance
case deﬁnition may result in an increase in reported cases,
but is likely to provide a better total estimate of the burden
of disease, and this will be helpful for public health
purposes.
Administrative data, such as International Classiﬁcation
of Diseases (ICD) codes, have also been used for fungal
surveillance. These data are often used as the case deﬁnitions for surveillance. However, since administrative data
are usually coded by personnel who are trained for reimbursement purposes, these criteria have been shown to
have poor predictive value for fungal diseases, such as
aspergillosis, when used as a case deﬁnition [44]. Their
sensitivity for screening for fungal diseases is considerably
more useful.

Burden of Disease
Understanding the actual burden of a disease as it relates to
other diseases is one of the major challenges for public
health. In most cases, surveillance systems do not accurately estimate the total burden of disease in a population.
Often this occurs because there are many steps between the
actual reporting of a case of disease and its occurrence in a
population. To begin with, a person must have symptoms of
disease; these must rise to the level of concern to initiate a
visit to a clinician for evaluation. The clinician must then
collect an appropriate sample and submit it to a capable
laboratory. The laboratory must identify the causative
organism by an appropriate methodology. Lastly, the case
must be reported to public health authorities by the deﬁned
method used for surveillance. These steps, when taken
together, constitute what can be described as the burden of
illness pyramid (Fig. 2a) [45]. The shape of the pyramid
varies for every disease and situation (Fig. 2b). For example, for a disease such as a viral hemorrhagic fever, it is
likely that nearly all of the cases in a population will be
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Table 1 Estimated cryptococcal meningitis (CM) cases and deaths
among 10 UN AIDS global regions by using published incidence rates
from studies conducted in those regions (Adapted from [51])

Case reported
Lab identifies pathogen
Sample submitted to lab
Doctor collects sample
Person goes to doctor
Person has symptoms

Region

100

120

100

1,000,000

Fig. 2 (a) and (b) Pyramid of surveillance

detected; but for a disease such as salmonellosis, studies
have demonstrated that only 1 in 38.6 cases are reported to
public health authorities [46].
Because surveillance may not estimate the entire burden
of a disease, it is helpful to estimate the incidence using burden of disease calculations. Burden of disease estimates
allow for comparison with other disease burdens and help
public health authorities determine disease priorities and
resource allocation. CDC and the World Health Organization
have conducted numerous studies to measure the burden due
to speciﬁc diseases throughout the world [47–50].
One of the most striking estimates recently was the global
burden of cryptococcal meningitis, including yearly cases
and deaths, in persons with HIV infection [51]. According to
the estimate, approximately 958,000 cases of cryptococcal
meningitis occur each year (range, 371,700–1,544,000)
(Table 1). The region with the greatest number of cases was
sub-Saharan Africa, with 720,000 cases per year, followed
by South and Southeast Asia, with 120,000 cases per year.
Western and Central Europe (500 cases) and Oceania (100
cases) had the fewest number of estimated cases. In addition,
an estimated 625,000 deaths were estimated to occur globally, with most deaths in sub-Saharan Africa, with over
500,000 deaths per year.
Similar burden of disease estimates have not been developed for other systemic fungal diseases. Such estimates
would allow public health agencies to place particular diseases in the context of other diseases. In the case of cryptococcosis, the recent burden estimates showed that the
disease is one of the leading causes of infection-related
mortality in sub-Saharan Africa [51] and the most common
cause of meningitis in that part of world. It is estimated to
cause more deaths in this region than diseases such as
tuberculosis, which are more common in the population
(Fig. 3) [50].

Sub-Saharan Africa
East Asia
Oceania
South and Southeast
Asia
Eastern Europe,
Central Asia
Western and Central
Europe
North Africa,
Middle East
North America
Caribbean
Latin America
Global

Estimated yearly CM
cases (range), in
1,000 s

Estimated deaths
(range), in 1,000 s

720 (144.0–1,296.0)
13.6(2.7–24.5)
0.1 (0.0–0.1)
120 (24.0–216.0)

504.0 (100.8–907.2)
1.2 (0.2–2.2)
0.009 (0.0–0.009)
66.0 (13.2–118.8)

27.2 (5.4–49.0)

15.0 (3.0–27.0)

0.5 (0.1–1.0)

0.045 (0.009–0.09)

6.5 (1.3–11.6)

3.6 (0.7–6.4)

7.8 (1.6–14.0)
7.8 (1.6–14.1)
54.4 (10.9–97.9)
957.9 (371.7–1,544)

0.7 (0.1–1.3)
4.3 (0.9–7.8)
29.9 (6.0–53.8)
624.7 (125.0–1,124.9)

1,200,000

1,000,000

800,000

600,000

400,000

200,000

0

Fig. 3 Comparison of deaths in sub-Saharan Africa due to human
immunodeﬁciency virus (HIV)-related cryptococcosis and common
infectious diseases, excluding HIV, as estimated by WHO [51]

Reducing the Public Health Burden
of Systemic Fungal Diseases
The ultimate goal of public health is to reduce morbidity
and mortality related to a disease, either through reduction
of the number of cases of a disease or by improving the
outcomes associated with the infection. Prevention of some
fungal infections may be performed by identifying outbreaks
and eliminating the transmission of disease. Fungal outbreaks may be associated with hospital construction [52, 53],
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point-sources from the community [54–56], and even novel
medical devices [57, 58]. An adequate understanding of the
mechanisms of transmission of these infections has important
implications for prevention strategies, ranging from the need
for speciﬁc containment and environmental control measures
to the consideration of antifungal drug prophylaxis.

Environmental Control Measures
The ubiquitous occurrence of many opportunistic moulds in
the environment and the ecology of others, such as the
endemic pathogens Histoplasma capsulatum and Coccidioides
species, make it difﬁcult to prevent exposure. Environmental
control measures designed to protect high-risk patients from
exposure to moulds at home or in the hospital are difﬁcult.
Housing these individuals in rooms supplied with HEPAﬁltered air has helped to prevent the acquisition of Aspergillus
infection within the hospital. The CDC, in collaboration with
the Hospital Infection Control Practices Advisory Committee
(HICPAC), has published guidelines that describe many of
these environmental measures for preventing aspergillosis in
the hospital environment (available at: http://www.cdc.gov/
ncidod/dhqp/hicpac_pubs.html).
In the case of Candida bloodstream infections, evidence
from outbreak investigations has implicated carriage of
organisms on the hands of healthcare providers as a cause of
transmission of some Candida species in hospitals. Guidelines
have been developed by the CDC and the Association for
Professionals in Infection Control and Epidemiology (http://
www.cdc.gov/ncidod/dhqp/hicpac_pubs.html) to enforce
rigorous hand washing before and between all patient contacts, especially when dealing with high-risk patients.
Guidelines have also been developed for protection against
some community-acquired infections in special risk groups.
Examples include prevention of histoplasmosis among workers (http://www.cdc.gov/niosh/docs/2005-109/) and prevention of opportunistic fungal infections in persons with AIDS,
developed in collaboration with the Infectious Diseases
Society of America (IDSA) (http://www.cdc.gov/mmwr/preview/mmwrhtml/rr5108a1.htm).
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The detection of cryptococcosis in resource-poor countries
is a major concern and an area in which improved diagnostic
capabilities could dramatically beneﬁt patients. Currently, in
many of the countries with the highest burden of this infection (e.g., sub-Saharan Africa and South and Southeast Asia)
laboratory capacity is not uniformly capable of reliably
detecting Cryptococcus. Many clinical laboratories in these
countries are small and poorly equipped and may be staffed
by persons with minimal training. Improving capacity for
diagnosis, as well as development of simple diagnostic technologies, such as lateral ﬂow assays for antigen detection,
may be increasingly important in these areas.
Improved diagnostic practices are also being encouraged
for coccidioidomycosis. Although the incidence of disease
currently reported from the southwestern USA through passive surveillance is quite high, there is evidence that the
actual burden is much higher. Only 2–13% of individuals
with compatible respiratory illnesses are tested for
Coccidioides antibodies, [59] despite prospective studies
showing that 8–29% of cases of community acquired pneumonias in endemic regions may be caused by this organism
[59–61]. To lessen this diagnostic gap, public health authorities are encouraging increased testing for coccidioidomycosis among persons in endemic areas presenting to clinical
providers with community-acquired pneumonia.

Vaccination
Vaccination is the ultimate tool for prevention and control of
disease. Unfortunately, few vaccines are being developed for
fungal diseases. For coccidioidomycosis, a vaccine may be
an attractive option because natural infection almost always
confers lifelong immunity to reinfection [62]. Over the last
decade, the Valley Fever Vaccine Project, a consortium of
researchers coordinated by the California State University,
Bakersﬁeld campus, has identiﬁed candidate vaccines for
further development. Despite an economic analysis published in 2001 which suggested that a vaccine would have
substantial public health beneﬁt [63] funding for research
has been inconsistent. Nonetheless, numerous candidate vaccines have been developed [62, 64–66], and phase I or phase
II trials may be possible in the near future.

Improving the Diagnosis of Fungal Infections
Although improved diagnostics may not prevent disease, simpler and easier diagnosis may lead to increased numbers of
patients being treated for fungal infections, and this may in turn
reduce the morbidity and mortality related to these diseases.
Improved diagnostic tools would be beneﬁcial in the diagnosis
and early management of many systemic fungal infections.

Encouraging Improved Therapeutics
Just as improved diagnostics may help to reduce the morbidity and mortality related to disease, so can improved
therapeutics. Clinical trials are being conducted for infections such as aspergillosis and candidiasis. Similar efforts
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for diseases such as coccidioidomycosis and histoplasmosis,
which have been given less attention, have been advocated
by public health authorities.
Until prevention efforts such as a vaccine are available,
prevention of coccidioidomycosis will prove to be challenging. The infective dose for Coccidioides is very low, and
although dust-generating activities such as digging have been
associated with outbreaks, the vast majority of cases that
occur in the endemic area are sporadic. Because of this, public health ofﬁcials are also focusing on strategies to reduce
the morbidity and mortality of this disease. One potential
intervention that has only been studied retrospectively is the
utility of antifungal treatment for primary infection [67].
While studies have shown that the majority of cases resolve
eventually without treatment, many persons may be ill for
months and consequently may be absent from work or school
[11]. It is not known if treatment of primary infection can
reduce symptoms or quicken improvement, or if it can help
to prevent disseminated disease, which is uniformly fatal
when untreated. Further study should determine if rapid
diagnosis and treatment of primary pulmonary infection can
reduce the complications of infection, and which groups of
patients, if any, beneﬁt the most.
Another situation that warrants further study is the best
approach to treatment of cryptococcosis in resource-limited
areas. Although current IDSA guidelines recommend treatment of cryptococcal meningitis with amphotericin B and
ﬂucytosine [68], these medications are not available or are
cost-prohibitive to use in many countries in sub-Saharan
Africa. Additionally, the complex medical infrastructure
required for the management of these patients (which
includes frequent lumbar punctures to manage intracranial
pressure and monitoring of renal function for those on
amphotericin B) is often not available. Therefore, creative
treatment and sustainable management solutions will need
to be developed. One promising strategy is the use of ﬂuconazole at high doses for treatment. Recent data have
shown that ﬂuconazole at dosages of up to 1,200 mg daily is
safe and effective [69]. Additionally, combination therapy
with ﬂuconazole and amphotericin B is safe and may be
effective [70].
In areas in which amphotericin B and/or ﬂucytosine are
not available, these treatment strategies may be considered.
Public health ofﬁcials should work with ministries of health
to determine the most cost-effective strategies for prevention
of cryptococcal disease given the numerous competing
resources for HIV/AIDS care and treatment. This situation
also offers an example of the interrelated nature of the cycle
of disease prevention. Surveillance can offer an estimate of
the burden of fungal infection in this patient population; such
burden estimates can then be used to inform public health
ofﬁcials so that appropriate employment of health resources
can be made.

Prophylaxis
The investment in organ and stem cell transplantation is large
and increasing. Public health efforts are not only aimed at
maintaining the safety and quality of transplanted tissues and
organs, but also focus on reducing risk of infection after
transplantation has occurred. Invasive fungal infections
remain one of the leading causes of infection-related morbidity and mortality. In stem cell transplant populations, antifungal prophylaxis, in particular with ﬂuconazole [71–73]
and posaconazole [74, 75], has been shown to be effective at
reducing systemic fungal infections. Of the few clinical trials
that have been performed among organ transplant recipients,
ﬂuconazole and itraconazole have demonstrated efﬁcacy in
preventing fungal infections in liver transplant recipients
[76–78]. Prophylaxis with trimethoprim-sulfamethoxazole
for prevention of Pneumocystis jiroveci infection is standard
of care for organ transplant recipients.
Candidemia is one of the most common health care-associated infections. The burden of candidemia among neonates and infants is particularly high, with an incidence as
high as 160 cases per 100,000 population among black
infants in Baltimore [20]. Clinical trials of ﬂuconazole prophylaxis for the prevention of candidiasis have demonstrated
efﬁcacy, particularly among very-low-birth-weight neonates, against this disease [79–82]. Antifungal prophylaxis
is not widely practiced in these infants, partly due to concerns for the emergence of resistant Candida species [83].
Recommendations for prophylaxis focus on those whose
birth weight is <1,000 g and who are cared for in units that
have high rates of invasive candidiasis.
Primary prophylaxis to prevent cryptococcosis in highrisk HIV patients merits further clinical study. Prophylaxis
trials among HIV-infected persons performed in the 1990s in
developed countries (USA, Europe, and Australia) using
either ﬂuconazole or itraconazole showed a reduction of risk
for development of cryptococcal infection, but without an
overall survival beneﬁt [84–86]. As a result, primary prophylaxis was never recommended as a prevention strategy.
However, these studies were all performed in developed
countries in optimized clinical conditions where the incidence and attributable mortality from cryptococcal disease
among the cohorts was low, relative to the current reality in
resource-limited countries in which cryptococcosis has a
higher incidence and higher case-fatality rate. In developing
countries, trials may be more likely to achieve statistical signiﬁcance in demonstrating a beneﬁt for primary prophylaxis
in selected HIV-infected populations.
Two studies have been performed recently in Thailand with
differing results. The ﬁrst study involved 129 HIV-infected
patients with CD4 counts <300 cells/PL who received either
itraconazole prophylaxis or placebo; this study did not show a
survival beneﬁt from receiving antifungal medication, but no
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patients in the itraconazole arm developed cryptococcosis
[87]. Another small study, which randomized 90 HIV-infected
patients with CD4 <100 cells/PL to either ﬂuconazole, 400 mg
each week, or placebo, did suggest a survival beneﬁt [88].
Overall, 3 of 44 (6.8%) patients on the ﬂuconazole arm developed cryptococcal disease, compared with 7 of 46 (15.2%) in
the placebo arm, although this outcome was not statistically
different [88]. To date, no randomized trials to evaluate
prophylaxis have been published from sub-Saharan Africa.

Empirical and Pre-Emptive Therapy
Empirical therapy consists of identifying persons at high risk
for development of an invasive fungal infection by recognition of clinical signs and symptoms that are consistent with
early fungal disease, and then initiating antifungal therapy.
Empirical approaches have been studied extensively in highrisk neutropenic patients; amphotericin B deoxycholate,
liposomal formulations of amphotericin B, voriconazole,
itraconazole, and caspofungin are recommended as options
for treatment of persistently febrile neutropenic patients by
IDSA guidelines [89].
In contrast to empirical therapy, a pre-emptive therapy
strategy is one in which patients with evidence of fungal
infection are identiﬁed early in the course of disease, allowing early initiation of antifungal therapy. These strategies
have been extensively studied in invasive aspergillosis. High
levels of antigenic markers, such as galactomannan, have
been shown to be helpful to identify persons who may beneﬁt from early initiation of antifungal therapy, and certain
radiographic ﬁndings on high-resolution chest computed
tomography scans have been shown to be early predictors of
worse disease in many cases [90–93]. Prospective studies
have shown value in a pre-emptive approach to treatment of
patients with prolonged neutropenia [90, 94].
Pre-emptive treatment may also be valuable in cryptococcal meningitis. Most patients with cryptococcal meningitis
in sub-Saharan Africa present very late in the course of
disease, often with very low CD4 counts and with signs of
advanced cryptococcal infection; survival rates are extremely
poor [5, 7, 95]. Pre-emptive treatment may be beneﬁcial
among asymptomatic or mildly symptomatic persons with a
positive serum cryptococcal antigen test. Studies using
prospective or retrospective serum antigen screening have
reported a prevalence of cryptococcal antigenemia of 6–18%
[96–100]. Antigenemia has also been shown to precede clinical disease and independently predict poor outcomes. In a
study from Uganda, antigenemia preceded clinical symptoms of cryptococcosis by a median of 22 days (range,
5–234), with 11% of individuals demonstrating positivity
for greater than 100 days [5]. Another study found that
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asymptomatic cryptococcal antigenemia was associated with
a higher risk of death (RR 6.6, 95% CI 1.9–23.6), and had a
population-attributable risk for mortality similar to that of
active tuberculosis [98].
Identifying antigenemic persons with few or no symptoms would allow for early antifungal treatment using an oral
agent, such as ﬂuconazole, which is widely available and
inexpensive. In a Cambodian study, 10 persons with asymptomatic antigenemia were treated with ﬂuconazole, 200 mg
daily for 12 weeks [100]. When evaluated after completion
of therapy, none had developed cryptococcal meningitis.
Early treatment may also help to prevent immune reconstitution inﬂammatory syndrome (IRIS), which may contribute
substantially to early mortality among persons initiating
antiretroviral medication.
Disclaimer: The ﬁndings and conclusions in this presentation/report are those of the author(s) and do not necessarily
represent the ofﬁcial position of the Centers for Disease
Control and Prevention.
This information is distributed solely for the purpose of
predissemination peer review under applicable information
quality guidelines. It has not been formally disseminated by
the Centers for Disease Control and Prevention. It does not
represent and should not be construed to represent any
agency determination or policy.
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Part II

Systemic Antifungal Drugs

Amphotericin B
Stanley W. Chapman, John D. Cleary, and P. David Rogers

Amphotericin B (AmB) has been the cornerstone of antifungal
therapy for almost 50 years. Discovered in the late 1950s, it
was approved for human use as an antifungal agent in 1960.
Initial formulations of AmB were plagued with impurities.
Allergic responses, presumably secondary to these impurities, and endotoxin-like infusion-related reactions were
common. Although improvements in puriﬁcation and fermentation over the last 30 years have enhanced tolerability,
infusion-related reactions and renal dysfunction are still
commonplace with the use of the deoxycholate solubilized
formulation. Formulations using a lipid carrier have signiﬁcantly improved tolerability. Safety aside, AmB remains
the most effective, broad-spectrum, fungicidal agent with
the greatest experience for the treatment of systemic mycoses. Both intrinsic and acquired resistance are limited. The
treatment failures seen with AmB are multifaceted. These
can be attributed to delays in diagnosis of invasive mycoses, the immune compromised state of the patient being
treated, the unique pharmacokinetic/pharmacodynamic
properties of the different formulations, and dose limitations related to toxicity. In an effort to enhance antifungal
efﬁcacy and reduce toxicity, AmB has been combined with
other antifungals and new nonlipid formulations are being
evaluated.
Alternative formulations of AmB have been devised in an
effort to improve the therapeutic index of this agent. A watersoluble methyl ester preparation showed promise; unfortunately,
several patients developed leukoencephalopathy in clinical
trials and the product was abandoned [1]. Nanoparticle science
has led to investigation of novel orally absorbed AmB and
intravenous products [2, 3]. In addition, highly puriﬁed AmB
and biosynthesis of deoxyamphotericins have been reported
in the literature [4]. Nebulized AmB lipid formuations are
currently being investigated for prophylaxis in lung transplant receipients [5].

J.D. Cleary ( )
Schools of Pharmacy & Medicine, University of Mississippi Medical
Center, Jackson, MS, USA
e-mail: jcleary@medicine.umsmed.edu

This chapter discusses FDA-approved AmB deoxycholate
(AmB-d) and the lipid preparations of amphotericin B separately. Where appropriate, we compare and contrast these
different formulations with an emphasis on unique pharmacologic properties or clinically relevant differences in toxicity or outcome that favor one preparation over another.

Amphotericin B Deoxycholate
Chemistry
AmB is one of several polyene antifungals produced by the
soil actinomycete Streptomyces nodosus. The AmB molecule
is a heptaene macrolide consisting of seven conjugated double bonds within the main ring, a connecting mycosamine
through a glycoside side chain, and a connecting free carboxyl group (Fig. 1). AmB is relatively insoluble in water
and derives its name from its amphoteric property to form
methanol soluble salts under both basic and acidic conditions
[6]. AmB is available as an intravenous preparation formulated by combination with sodium deoxycholate (AmB-d),
which results in formation of a micellar dispersion upon
reconstitution in 5% dextrose in water [6].

Mechanisms of Action
The primary antifungal activity of AmB is mediated by its
preferential binding to fungal cell membrane ergosterol.
This interaction results in the formation of pores consisting
of eight AmB molecules in the membrane, allowing leakage of cellular components, such as potassium, that ultimately leads to cell death [7]. Although AmB has a greater
afﬁnity for the fungal ergosterol, it still has some afﬁnity
for binding to the cholesterol of mammalian cell membranes. The latter probably plays an important role in its
associated toxicity [8].

C.A. Kauffman et al. (eds.), Essentials of Clinical Mycology,
DOI 10.1007/978-1-4419-6640-7_3, © Springer Science+Business Media, LLC 2011

41

42

S.W. Chapman et al.

action: pore formation, oxidative damage, and inhibition of
metabolic activity. While the direct antifungal activity of
AmB has been extensively validated, the in vivo role of its
immunomodulatory properties has not been sufﬁciently
deﬁned.

Spectrum of Activity
Fig. 1 Amphotericin B polyene structure. The molecular formula of
the drug is C47H73NO17; the molecular weight is 924.10

There is also evidence suggesting that cell death may be
due in part to the oxidizing properties of the drug that results
in the production of reactive oxygen species and lipid peroxidation of fungal cell membranes [7]. In support of oxidative
cell injury, Sokol-Anderson and colleagues have shown that
AmB-mediated lysis of Candida albicans protoplasts and
whole cells is reduced, independent of potassium leakage, in
the absence of oxygen and in the presence of exogenous catalase and superoxide dismutase [9]. The presence of seven
conjugated double bonds in the chemical structure of AmB
renders it prone to auto-oxidation [9], leading some investigators to speculate that AmB may also act as an antioxidant,
although clinical data to support this hypothesis are lacking.
Finally, AmB also has been shown to inhibit the respiration
of actively metabolizing Aspergillus fumigatus [10].
AmB may indirectly modulate antifungal efﬁcacy by its
ability to alter immune function. The immunomodulatory
effects of AmB have been found to be diverse, and research
results are contradictory. The reported differences in AmBinduced immunomodulation may be the result of a number
of factors, including antifungal concentration, the in vitro
conditions, and the animal model used. AmB has been shown
to act as an immunoadjuvant by stimulating cell proliferation
and cell-mediated immunity in murine models [11]. AmB
has also been shown to enhance the phagocytic, tumoricidal,
and antibacterial activity of macrophages along with increasing colony-stimulating factor concentrations in mice [12].
AmB induces production of multiple inﬂammatory cytokines (i.e., IL-1E, TNF-D, and IL-1RA) and increases nitric
oxide synthesis in vitro while increasing immune modulators
(i.e., IL-12 and IFN-J) in mice [13–15].
In contrast, AmB has been shown to inhibit chemotactic
responsiveness, phagocytic capacity, and killing by human
neutrophils [16]. Inhibition of both spontaneous and antigeninduced transformation, as well as antibody-dependent cellular toxicity of human lymphocytes, has been reported with
AmB [17]. It has also been reported to diminish human peripheral blood mononuclear cell along with T-cell responses to
phytohemagglutinin [18] and to impair NK cell activity [17].
Taken collectively, these data suggest that AmB exerts
its direct antifungal activity through three mechanisms of

AmB is active against most of the common yeasts, moulds,
and dimorphic fungi causing human infection including:
Candida species, Cryptococcus neoformans, Blastomyces dermatitidis, Histoplasma capsulatum, Coccidioides species,
Paracoccidioides brasiliensis, Sporothrix schenckii, Aspergillus
species, and the zygomycetes. This polyene also has some
degree of activity against the protozoa Leishmania brasiliensis, Trypanosoma species, and Naegleria fowleri [6].
Relatively few organisms manifest intrinsic resistance
to AmB. Scedosporium apiospermum (Pseudallescheria
boydii), Candida lusitaniae, Candida guilliermondii,
Scopulariopsis species, Aspergillus terreus and Fusarium
species generally are considered intrinsically resistant to
AmB [19]. Acquired resistance to AmB, whether through
selective laboratory techniques or after clinical usage,
appears to be uncommon. Recently, however, resistant
isolates of C. albicans, C. glabrata, C. tropicalis, and
C. neoformans have been isolated from patients with AIDS
[20–23].
Studies of resistant clinical isolates of C. albicans and
C. neoformans suggest that resistance occurs through alterations of the genes encoding D8,7-isomerase or D5,6-desaturase within the sterol biosynthesis pathway. These isolates
accumulate alternative sterols, allowing the organism to
evade the activity of AmB [21, 22, 24]. Others have suggested that resistance to AmB in yeasts may occur through
increased catalase activity, impairing AmB-induced oxidative
damage [24, 25].

Susceptibility Testing
The recent efforts of the Clinical Laboratory Standards Institute
(CLSI) have been instrumental in the development of standardized methodology for antifungal susceptibility testing for
yeasts and moulds [26–28]. Despite these improvements, the
routine use of susceptibility testing of clinical isolates to AmB
is not recommended. Susceptibility testing of clinical isolates
may be helpful for patients who are failing therapy. For example, clinical failure using AmB-d to treat serious candidal and
cryptococcal infections has been associated with minimum
inhibitory concentrations (MICs) of >1.0 Pg/mL [20, 29].
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It should be noted, however, that clinical failure in AmBtreated patients is not necessarily indicative of fungal resistance, but is often related to the underlying immunodeﬁciency
of the patient. Susceptibility testing may also be clinically useful in guiding treatment of rare pathogens for which resistance
is likely or unpredictable. Interpretive break points that correlate in vitro activity with clinical outcomes are limited for
moulds.

Pharmacology and Pharmacokinetics
Polyenes are poorly absorbed through mammalian membranes (less than 5%), hence the requirement of an intravenous formulation for the treatment of systemic mycoses.
Following an intravenous infusion, AmB-d is bound primarily to lipoproteins, cholesterol, and erythrocytes. Peak serum
concentrations of approximately 1–3 Pg/mL are achieved
during the ﬁrst hour following a 4- to 6-h AmB-d infusion at
a dose of 0.6 mg/kg. Serum concentrations rapidly fall to a
prolonged plateau phase with measured concentrations of
0.2–0.5 Pg/mL. Following an initial half-life of 24–48 h,
there is a terminal elimination half-life of approximately 15
days. This terminal elimination phase most likely represents
the slow release of AmB from the tissues (Table 1).
AmB-d is distributed to many tissues, including the lungs,
spleen, liver, and kidneys [30]. The volume of distribution is
4 L/kg and appears to follow a three-compartment model of
distribution. AmB-d, however, does not distribute into adipose tissue, supporting the premise that dosage should be
based on lean body mass. Unfortunately, the measurement of
lean body mass is not always practical. Hence dosing of
AmB-d in obese patients should be based on calculated ideal
body weight. AmB-d is bound extensively in tissues and can
be detected in the liver, spleen, and kidney for months after
treatment has been terminated [31]. Despite this extensive
and prolonged tissue binding, the relationship of serum versus tissue concentration and clinical efﬁcacy or toxicity has
not been clearly established.
AmB-d concentrations in peritoneal, pleural, and synovial
ﬂuids are less than half of the simultaneous serum concentrations [32]. Concentrations in the vitreous body in noninﬂamed eyes are not measurable. Although clinical efﬁcacy of
AmB-d has been repeatedly documented for the treatment of
central nervous system fungal infections, such as cryptococcal meningitis, cerebrospinal ﬂuid levels are low, usually less
than 5% even in the presence of inﬂamed meninges. This
enhanced clinical efﬁcacy may reﬂect higher levels of AmB-d
in the meninges as compared to the cerebrospinal ﬂuid, as
has been documented in animal models of meningitis [6].
Despite almost 50 years of clinical experience, little is
known about the metabolism of AmB-d. No metabolites
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have yet been identiﬁed. Less than 5% of the administered
dose is excreted in the urine and bile. Serum concentrations,
as such, are not changed and accumulation of AmB-d does
not occur in patients with hepatic or renal failure. Likewise,
hemodialysis or peritoneal dialysis does not inﬂuence serum
concentrations [6, 33–35].
Several pharmacokinetic parameters of AmB-d are different in children than in adults [36, 37]. For instance, children
have a smaller volume of distribution and a larger clearance
compared to adults. When equivalent weight-based doses of
AmB-d are administered, peak serum concentrations in children are approximately one-half of those obtained in adults.
The increased clearance of AmB-d in children may, in part,
explain the clinical ﬁnding that higher doses are better tolerated in children as compared to adults. Cerebrospinal ﬂuid
concentrations of AmB-d treated neonates are higher than
those noted in adults.

Pharmacodynamics
Pharmacodynamics involves the integration of several pharmacologic measurements made in vitro (e.g., susceptibility
studies, time-kill studies, dynamic models, viability, postantifungal effect [PAFE], etc.) and in vivo (drug concentrations,
toxicity, efﬁcacy, etc.). For antibacterial agents. several variables have been assigned quantitative limits that are predictive of therapeutic success and include the time that the
serum drug concentration exceeds MIC [T > MIC]; the ratio
of maximum serum drug concentration to MIC [Cmax:MIC];
and the ratio of the area under the concentration–time curve
during a 24-h dosing period to MIC [AUC0–24:MIC] [38].
These parameters have proven useful in classifying antibiotics as either concentration-dependent or time-dependent in
their bactericidal activity and have also been instrumental in
selecting the optimal antibacterial treatment regimens.
Pharmacodynamic parameters are less clearly deﬁned for
the antifungal drugs. AmB has traditionally been portrayed
as a concentration-dependent antifungal agent. Concentrationdependence is characterized by a long PAFE and therapeutic
success when the Cmax:MIC ratio is high. Determination of
Cmax:MIC ratios of AmB and their relationship to clinical
outcome in human infections is incomplete. Additional studies are required to evaluate the predictive value and clinical
usefulness of these pharmacodynamic parameters in optimizing therapy of human infections.
Initial studies evaluating AmB pharmacodynamic models
in vitro and in vivo have been contradictory. For example, the
PAFE of AmB-d for Candida species was prolonged when
studied in vivo. In a study of neutropenic mice infected with
Candida, the antifungal effects of AmB-d were observed for
23–30 h [39]. In contrast, several in vitro studies have shown
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a shorter duration of antifungal effect (0–10.6 h) depending
on the MIC and the length of drug exposure [40, 41]. The
longer PAFE noted in vivo might be due to the immunomodulatory properties and/or the slow release of AmB-d from
tissue. Also confounding pharmacodynamic studies on drug
concentration at the site of infection, the MIC of the organism, and the density of organisms at the site of infection
impact the composite sum of these factors. Data on these
important parameters affecting antifungal pharmacodynamics and clinical outcome have not been adequately deﬁned.
A few studies have attempted to deﬁne clinically relevant
pharmacodynamic parameters of AmB-d that affect clinical
outcome. Drutz and colleagues reported improved clinical
outcomes when AmB-d serum concentrations were maintained greater than twice the fungal MIC [42]. Animal models of infection have further demonstrated that high peaks
relative to the MIC are correlated with improved survival and
decreased fungal burden, as deﬁned by CFU per gram of tissue in a variety of organs [39, 43]. When studied in a neutropenic mouse model of infection, a serum Cmax: MIC ratio of
10:1 was associated with the greatest decrease in kidney fungal burden. Additionally, using nonlinear regression, a strong
relationship was also found for the length of time the serum
concentration remained above the MIC. This latter pharmacodynamic property is characteristic of a non-concentrationdependent, that is time-dependent antifungal agent [39, 43].
A reasonable hypothesis in reconciling these results involves
the enhanced tissue binding of AmB-d. Speciﬁcally, the
enhanced tissue storage and long elimination rates of AmB-d
confound traditional dynamic estimates, and the release of
free drug from tissue sites is difﬁcult to discriminate from
the residual effects of inhibitory antifungal concentrations.

Adverse Effects
The utility of AmB-d is hindered by signiﬁcant toxicity.
Although AmB-d has a greater afﬁnity for ergosterol, its
afﬁnity for cholesterol in the mammalian cell membrane
likely plays a role in its toxicity [8]. The resulting nonselective disruption of mammalian cells is believed to be the
underlying cause of most of the adverse effects associated
with this drug [44–46].
It is clinically useful to classify AmB-d-associated reactions as infusion-related, dose-related, or idiosyncratic reactions. Infusion-related reactions include a symptom complex
of fever, chills, nausea, vomiting, headache, and hypotension.
Infusion-related fever and chills are observed in over half the
patients receiving AmB-d. Our clinical experience is that
patients having severe infusion reactions often have undiagnosed adrenal insufﬁciency (especially those with disseminated histoplasmosis); consequently, adrenal function should
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be evaluated in these individuals. These infusion-related
effects are believed to be due to the production of proinﬂammatory mediators by monocytes and macrophages in response
to AmB-d [46–48]. AmB-d has been shown to up-regulate a
number of genes encoding pro-inﬂammatory proteins such as
IL-1D, IL-1E, TNFD, IL-8, MIP-1D, MIP-1E, and MCP-1
[14, 47, 48]. Production of these respective gene products,
along with release of PGE2 from endothelial cells, likely
mediates the infusion-related toxicity. The patient-to-patient
variability of AmB-d infusion-related toxicity may correlate
with quantitative differences in cytokine production in vivo.
Other adverse effects that may be related to the cytokine
mechanism include thrombophlebitis, nausea, vomiting,
headaches, myalgias, and arthralgias.
Less frequently, cardiac arrhythmias have been reported.
Arrhythmias may occur when high concentrations are rapidly infused, especially in patients with heart disease, patients
with renal failure, and those receiving an accidental drug
overdosage [49]. Caution is also recommended for patients
receiving the drug by a central venous catheter.
Dose-related reactions occur with longer courses of treatment and are related to total dose. AmB-induced nephrotoxicity includes decreased glomerular ﬁltration, decreased
renal blood ﬂow, and renal tubular acidosis. Secondary consequences, such as hypokalemia and hypomagnesemia are
common. Additionally, normochromic, normocytic anemia
is frequently observed, likely in response to decreased erythropoietin production [50]. Calcium deposits have been found
in the renal tubule lumen, tubule cells, and interstitium upon
histopathologic examination of renal tissue specimens
obtained from patients treated with AmB-d [51, 52].
Reversible renal impairment occurs within 2 weeks of therapy in more than 80% of AmB-d treated patients [53]. Onset
of nephrotoxicity may occur before laboratory or clinical
signs and symptoms are evident. With the onset of nephrotoxicity, the action taken ranges from AmB-d discontinuation or dosage reduction, stopping concurrent nephrotoxic
drugs, changing to an alternate day infusion schedule, or pretreating patients with normal saline. There are no clinical trials that identify the optimal therapeutic option.
The mechanism of AmB-d-induced nephrotoxicity is
multifaceted. Animal studies have demonstrated the vasoconstrictive properties of AmB-d, particularly with regard
to the afferent arteriole [54]. Increased tubule permeability
has also been demonstrated [55]. Other studies suggest that
AmB-d inhibits sodium-potassium ATPases and affects
proton exchange, which could contribute to renal tubular
acidosis. Conversely, damage to the medullary thick
ascending limb was ameliorated by ouabain in a rat kidney
model, suggesting an alternative role for this pump in
AmB-d-induced nephrotoxicity. Others have suggested a
role for AmB-d-induced release of prostaglandins and leukotrienes as well as oxidative injury in this process [52].
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The tubuloglomerular feedback mechanism normally
involved in renal homeostasis also plays a prominent role in
the pathogenesis of AmB-d-induced nephrotoxicity [56].
This feedback process is believed to be activated by transport of sodium chloride across the macula densa cells into
the distal nephron, resulting in constriction of the afferent
arteriole, possibly mediated by adenosine, and subsequent
impairment of glomerular ﬁltration [51]. Dehydration and
sodium depletion accentuate this response and exacerbate
AmB-d related renal failure. Sodium loading with intravenous administration of 500–1,000 mL of normal saline prior
to initiation of AmB-d, when tolerated by the patient, is recommended in order to decrease the likelihood of renal toxicity [57].
Idiosyncratic reactions are rare, unpredictable, and include
anaphylaxis, liver failure, hypertension, and respiratory
failure.

Drug Interactions
Corticosteroids and nonsteroidal antiinﬂammatory drugs
(NSAIDs) are the agents most frequently used to prevent
infusion-related toxicities [58]. Controversy exists concerning the risk:beneﬁt ratio of corticosteroids for prevention of
infusion-related reactions. Clinical experience overwhelmingly supports the therapeutic beneﬁt of administering hydrocortisone to patients suffering infusion-related reactions.
However, circumstantial evidence suggests that administration of this immunosuppressant could be detrimental to the
therapeutic success of AmB-d [59, 60]. Although further
investigation of this therapeutic issue is required, it seems
prudent to limit the dose and duration of corticosteroids by a
therapeutic taper once infusion-related reactions are ameliorated. Likewise, routine use of NSAIDs for premedication
should be avoided owing to their potential to enhance AmB-d
related renal insufﬁciency. Intravenous meperidine has
proven useful in abrogating infusion-related rigors [61].
Enhanced nephrotoxicity associated with AmB-d administration has been observed with cyclosporine or tacrolimus,
diuretics, NSAIDs, pentamidine [62], and other nephrotoxic
agents, such as aminoglycosides or radio-opaque dyes.
Diligent monitoring of renal function is warranted in patients
treated concurrently with these nephrotoxic agents.
A variety of other therapeutic agents may result in
AmB-d associated adverse events that require diligent monitoring. Pulmonary leukostasis and respiratory failure associated with concomitant leukocyte transfusions or
indium-labeled leukocyte scanning can be life-threatening
[63, 64]. However, the incidence of this reaction has markedly decreased with less frequent use of leukocyte infusions.
Skeletal muscle relaxants and neuromuscular blocking
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agents have been reported to enhance curariform effects
related to hypokalemia. AmB-d-induced hypokalemia can
also enhance the cardiac effects of digitalis glycosides. In
these cases, patients suffered cardiac dysfunction that would
be difﬁcult to differentiate from the direct effects of AmB-d
on the myocardial tissue [46]. Amiloride has been suggested
for concomitant administration to decrease the hypokalemia
in patients receiving digitalis glycosides. However, the
effect is difﬁcult to predict and requires further study.
Cyclophosphamide and doxorubicin appear to penetrate
cells more effectively when administered with AmB-d and
this results in enhanced toxicity [65].
Drug interactions also encompass incompatibilities of
pharmaceuticals in solution. AmB-d, and the AmB lipid formulations are incompatible in solutions with high saline content, including lactated Ringer’s or normal (0.9%) sodium
chloride. In addition, the infusion of AmB formulations concomitantly with other antiinfectives (amikacin, ampicillin,
aztreonam, carbenicillin, clindamycin, cotrimoxazole, ﬂuconazole, gentamicin, linezolid, nitrofurantoin, penicillin G,
and piperacillin) may induce precipitation of either agent.

Combination Therapy
One approach to improving the activity and/or toxicity proﬁle of AmB-d is its administration in combination with
another antifungal or pharmacologic agent. Animal data and
anecdotal experience suggest that colony-stimulating factors, rifampin, or tetracyclines may be effective adjuvants
[66, 67]. A more traditional approach would be to use
another antifungal in combination with AmB-d. While many
in vitro studies of antifungal combinations with AmB-d
have been performed, the results of these have not been consistent. For example, pretreatment with an imidazole prior to
the administration of AmB-d has been reported to be antagonistic [68]. Other studies, however, have documented additive or synergistic activity when triazoles were combined
with AmB-d [69]. Owing to these differing results, the routine use of an azole with AmB-d has not been recommended.
However, one randomized blinded clinical trial showed no
antagonism and actually improvement in clearing candidemia when ﬂuconazole was combined with AmB-d [70]. In
contrast to studies with the azoles, the clinical beneﬁt of
using AmB-d in combination with ﬂucytosine for the treatment of cryptococcal meningitis has been clearly documented in both AIDS and non-AIDS patients [71–73]. In
addition, smaller cohorts of patients with candidemia and
other serious candidal infections have been treated successfully with AmB-d combined with ﬂucytosine. Unfortunately,
clinical studies evaluating the efﬁcacy of other antifungal
combinations are relatively few [74].
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Administration
There are no well-controlled trials that delineate the optimal
dosing regimen for AmB-d. The daily dose has traditionally
ranged from 0.3 mg/kg up to 1.5 mg/kg depending on the
speciﬁc mycosis and severity of disease. The duration of
therapy for most systemic fungal infections has varied from
4 to 12 weeks, although courses of many months have been
reported. The availability of the triazoles, however, has
resulted in AmB-d being used for shorter treatment courses,
usually until clinical improvement is evident, before stepdown therapy is initiated with a less toxic azole.
Speciﬁc administration and dosing recommendations are
as variable as the number of institutions that utilize this antifungal polyene. Selection of dosing regimens, including premedications, is often based on clinicians’ concerns for
toxicity, rather than achievement of efﬁcacy. Dosing recommendations that have been approved by the Food and Drug
Administration are outlined in Table 1. Speciﬁc recommendations for the administration of AmB-d, based on the
authors’ clinical experiences, are outlined in Table 2.
The practice of administering a 1 mg test dose of AmB
prior to the initial dose, while recommended by the manufacturer, is controversial among clinicians [75]. The dose is
administered as 1 mg AmB-d in 50 mL of D5W administered over 30–60 min. In most instances, however, the test

dose is given as part of the initial dose, which in turn is then
given in full if no adverse effects are observed. The test dose
is designed to identify patients who will experience immediate type hypersensitivity reactions or pronounced infusionrelated reactions. While evidence supporting this practice is
sparse, many experienced clinicians continue to use this
approach. Others argue that immediate type hypersensitivity
would be observed with the test dose, whereas the AmB-d
concentration provided by a test dose would be insufﬁcient
to produce the proinﬂammatory response responsible for
fever and chills. Also of concern is the potential delay in
therapy that may occur with the use of an initial test dose
[75]. The authors do not recommend a test dose.
A second controversy centers around the length of infusions, e.g., short versus long. Several studies have explored
toxicity and tolerability of standard infusion times (4–6 h)
versus more rapid infusions of 2–4 h and even less than an
hour [76]. The results of these studies indicate that rapid infusion times are equally well tolerated and have similar rates of
adverse events as compared to infusions given over 4–6 h. Due
to the risk of cardiac arrhythmias, rapid infusions should not
be used in patients with renal failure, heart disease, and history
of cardiac arrhythmias, and in those receiving AmB-d through
a central venous catheter [77, 78]. A recent study reported less
toxicity, including nephrotoxicity, in febrile neutropenic patients
treated with continuous-infusion AmB-d when compared to

Table 2 Amphotericin B infusion protocol
Administration and dosing
Dilute amphotericin B in D5W, the ﬁnal concentration not exceeding 0.1 mg/mL. Infuse the dose over 2–4 h. Record temperature, pulse rate, and
blood pressure every 30 min for 4 h. If patient develops signiﬁcant chills, fever, respiratory distress, or hypotension, administer adjunctive
medication prior to next infusion. Consult an Infectious Diseases clinician for any questions concerning maximum daily dose, total dose, and
duration of therapy
Adjunctive medications
1. Heparin 1,000 units may diminish thrombophlebitis for peripheral lines. Please observe the contraindications to the use of heparin;
thrombocytopenia, increased risk of hemorrhage, and concomitant anticoagulation
2. Administration of 250 mL of normal saline prior to amphotericin B may help decrease renal dysfunction
3. Acetaminophen administered 30 min prior to amphotericin B infusion may ameliorate the fever
4. Hydrocortisone 0.7 mg/kg (Solu-Cortef) can be added to the amphotericin B infusion. Hydrocortisone is given to decrease the infusionrelated reactions. This should only be used for signiﬁcant fever (>2.0°F elevation from baseline), and chills with infusions and should be
discontinued as soon as possible (3–5 days). It is not necessary to add hydrocortisone if the patient is receiving supraphysiologic doses of
corticosteroids
5. Meperidine hydrochloride 25–50 mg parenterally in adults may be utilized to prevent or ameliorate chills
Monitoring
1. At least twice weekly for the ﬁrst 4 weeks, then weekly: hematocrit, reticulocyte count, magnesium, potassium, BUN, creatinine, bicarbonate, urinalysis. The GFR may fall 40% before stabilizing in these patients. Discontinue for 2–5 days if renal function continues to deteriorate
and reinstate after improvement. Hematocrit frequently falls from 22% to 35% of baseline
2. Monitor closely for hypokalemia and hypomagnesemia
Caveats and patients requiring closer monitoring
1. Electrolytes: Addition of an electrolyte to the amphotericin B solution causes the colloid to aggregate and probably gives a suboptimal
therapeutic effect. This includes IV piggyback medications containing electrolytes
2. Filtering: The colloidal solution is partially retained by 0.22-Pm pore membrane ﬁlter, so do not use ﬁlters
3. The infusion bottle need not be light-shielded
4. Patients with adrenal insufﬁciency tolerate infusions poorly. Treatment with corticosteroids improves patient tolerance
5. Patients should not receive granulocyte transfusions
6. Patients with anuria or previous cardiac history may have an increased risk of arrhythmias and slower infusion rates are recommended
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patients treated with 4-h infusions [79]. However, clinical
experience with continuous infusion of AmB-d is limited,
and there is concern about achieving adequate serum concentrations for maximum efﬁcacy of AmB. Until safety and efﬁcacy are better documented, continuous infusion cannot be
recommended at this time.
Other routes of administration for AmB-d are used when
therapeutic goals are not or cannot be achieved with intravenous dosing [6, 69]. Topical preparations (3% lotion, creams,
or ointments, 10-mg lozenges or oral suspension, 100 mg/
mL) may be compounded as needed for the treatment of
superﬁcial or cutaneous yeast infections. Intrathecal or intraventricular routes have been used in refractory cases of fungal meningitis, most frequently coccidioidal meningitis [6,
69, 80]. Intrathecal administration is problematic due to the
poor distribution and the development of arachnoiditis at the
injection site. Intraventricular administration is preferred.
Long-term administration should be performed using a subcutaneous Ommaya or Rickham reservoir. AmB-d should be
mixed with sterile water to a ﬁnal concentration of 250 Pg/
mL. Initial dosing (10–25 Pg) can be escalated slowly up to
a dose of 250 Pg/day to as high as 500 Pg/day day, depending on the mycosis being treated and patient’s tolerance of
this therapy. This route of administration is often limited by
local reactions (radicular pain, headache, vomiting, and
arachnoiditis). More severe neurologic complications include
ventricular hemorrhage and bacterial superinfection [80].
Ocular administration of AmB-d is frequently used for
the treatment of fungal eye infections [6, 81]. Topical ophthalmic application (0.25–1.5% solution) or subconjunctival
injection (100–200 Pg/0.5 mL) is appropriate for most superﬁcial infections. However, little medication penetrates into
the vitreous body, and intravitreal injection of 5–10 Pg/0.1
mL is often used for vitritis [81].
The therapeutic beneﬁt and optimal dose of nonparenteral
routes of administration are not well established, and local
inﬂammatory responses speciﬁc to the sites of administration are common and are frequently dose limiting [6, 69].
Intraperitoneal administration for the treatment of peritoneal
dialysis-associated Candida infections can be achieved by
administering AmB-d within the dialysate or intraperitoneally, but this is extremely irritating and is no longer recommended [82]. Intraarticular doses (5–15 mg) administered
for fungal arthritis are rarely indicated. Bladder instillation/
irrigation with an AmB-d solution (50 mg/L) by continuous
infusion through a triple-lumen catheter for 5 days has been
used for candidal cystitis and candiduria [83] AmB-d (10 mg)
in 5 ml has been administered twice a day via nebulization
for prevention of pulmonary aspergillosis in neutropenic
patients [84, 85]. Speciﬁc adverse reactions with aerosolized
AmB-d include dyguesia, gastrointestinal distress, dyspnea,
and cough. Less frequently, intracavitary irrigation has been
used for treatment of pulmonary aspergilloma.
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Use in Pregnancy
AmB is the antifungal agent with which there has been the
most experience in pregnancy [86, 87]. Both the deoxycholate and lipid-based formulations are assigned to risk category B by their manufacturers. While the pharmacokinetics
of AmB in pregnancy have not been studied, the drug appears
to cross the placenta and enter the fetal circulation [85].
Among case reports of AmB use in pregnancy, azotemia was
the most common maternal adverse drug reaction reported,
followed by anemia, hypokalemia, acute nephrotoxicity,
fever, chills, headache, nausea, and vomiting. Individual
cases of possible fetal toxicity include transient acidosis with
azotemia, anemia, transient maculopapular rash, and respiratory failure requiring mechanical ventilation. Only a single
case of congenital malformation (microcephaly with a pilonidal dimple) has been associated with AmB-d [86]. To date
there have been no reports of animal teratogenesis attributed
to AmB [86, 87].

Lipid Preparations of Amphotericin B
Three lipid-based products are currently available in the
United States: AmB colloidal dispersion (ABCD), liposomal
AmB (L-AmB), and AmB lipid complex (ABLC) (Fig. 2).
In addition to these commercial formulations, lipid-based
preparations have been admixed by individual institutions by
combining AmB deoxycholate and 20% lipid emulsion
[88, 89]. While AmB lipid emulsion is attractive from the
standpoint of cost, several concerns have been raised, encompassing the stability of the emulsion, the need for ﬁltration,
and the possibility of fat overload syndrome. One pharmaceutical company pursued development of this formulation
for several years, but a stable suspension was not achieved.
Administration of this formulation is, therefore, not recommended [90].

Chemistry
The commercial lipid formulations are distinct as regards
their phospholipid content, particle size and shape, electrostatic charge, and bilayer rigidity [91]. Liposomal AmB is
formulated as a unilamellar spherical vesicle with a single
lipid bilayer comprised of hydrogenated phosphatidylcholine, cholesterol, and distearoyl phosphatidylglycerol in a
2:1:0.8 ratio. Amphotericin is located on the inside and outside of the vesicle. L-AmB has the smallest particle size.
ABCD was developed by complexing AmB with cholesteryl
sulfate in a 1:1 molar ratio. These complexes form tetramers
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Fig. 2 Amphotericin B lipid-based formulations represented in artistic drawings: (a) liposomal amphotericin B; (b) amphotericin B lipid complex;
(c) amphotericin B colloidal dispersion

that have a hydrophobic and a hydrophilic portion. The
tetramers aggregate to form disk-like structures that are
larger in size than L-AmB. ABLC consists of nonliposomal
AmB-complexed ribbon structures and was originally
derived from multilaminar liposomes prepared by mixing
two phospholipids, dimyristoyl phosphatidylcholine (DMPC)
and dimyristoyl phosphatidylglycerol (DMPG) in a 7:3
molar ratio. ABLC is much larger than the other two formulations [91–93] (Table 1).

Proposed Mechanisms for Enhanced
Therapeutic Index
Although the lipid formulations have been shown to have an
improved therapeutic index as compared to AmB-d, the
mechanism(s) by which this occurs has not been adequately deﬁned. Several mechanisms have been proposed.

The unifying concept in all of these proposals involves the
ability of lipid formulations to prevent binding to the kidney
and the selective distribution of lipid-bound AmB to other
tissues [91].
The ﬁrst mechanism involves the rapid endocytic uptake
of lipid-associated AmB by macrophages in tissues, often at
the sites of infection. Following this targeted delivery, AmB
is then slowly released into the tissues and the circulation. In
addition to this selective tissue targeting, macrophage uptake
of AmB also limits the amount of free drug, and presumably
also LDL-bound drug, in the circulation capable of binding
to human cells. The second mechanism involves the selective
transfer of AmB from the lipid carrier to the fungal cell
membrane. In this instance, AmB has a stronger afﬁnity for
the lipid carrier than for the cholesterol in mammalian cells.
On the other hand, the afﬁnity of AmB for ergosterol in the
fungal cell is stronger than its afﬁnity for either the lipid carrier or cholesterol. A third mechanism proposes that the
lipid-based formulations are less nephrotoxic by limiting the
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amount of free drug in the blood and by preventing AmB
binding to circulating LDL. Free AmB and LDL-bound
AmB are considered to be more nephrotoxic than either HDL
or other lipid-bound AmB. The fourth mechanism proposes
that the lipid-based formulations elicit reduced cytokines,
such as TNF-D or IL-1 from human cells as compared with
AmB-d. These proinﬂammatory cytokines are putative mediators for infusion-related reactions and nephrotoxicity. This
fourth hypothesis is supported primarily by in vitro data. The
ﬁnal purported mechanism involves the action of extracellular phospholipases produced by yeasts and moulds in releasing the lipid-bound AmB at the site of infection. As such,
more AmB is released in the infected tissues. The phospholipid carrier of ABLC is especially susceptible to these fungal phospholipases.
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other hand, the larger lipid formulation, ABLC, is more readily taken up by the tissues and has the greatest volume of
distribution. Comparative data on the pharmacokinetic
parameters of the lipid formulations, either compared to each
other or to AmB-d, are limited. However, profound differences in some of the parameters have been documented and
have led to unique therapeutic options (Table 1) [92, 96]. In
amimals, ABLC lung penetration far exceeds (70- to 375fold) the penetration by other formulations [97]. This tissue
saturation also results in increased drug clearance from the
serum. Whether any of these pharmacologic differences signiﬁcantly affect clinical outcome or toxicity has not been
studied adequately.

Pharmacodynamics
Therapeutic Indications
In general, all three lipid formulations are indicated for the
treatment of systemic fungal infection in patients refractory
to or intolerant of therapy with AmB-d (Table 1) [91, 93].
L-AmB has also been approved for the empiric therapy of
presumed fungal infection in febrile neutropenic patients
[94]. In routine clinical practice, however, lipid formulations
are frequently used as primary therapy for patients with
baseline renal insufﬁciency and in patients at high risk for
renal failure, including transplant recipients and patients
receiving concurrent treatment with other nephrotoxic
agents. Lipid preparations, however, should not be used as
primary therapy for dialysis-dependent patients unless they
fail therapy with AmB-d. Some authors consider the lipid
formulations, due to their high concentrations in the liver and
spleen, to be ideal for the treatment of patients with chronic
disseminated candidiasis [95]. Finally, many infectious disease physicians consider lipid formulations of AmB to be
superior to AmB-d for the treatment of patients with aggressive mould infections, such as invasive aspergillosis and
zygomycosis. The data supporting this use are anecdotal,
and comparative trials documenting the superiority of lipid
formulations for these infections are lacking at present.

Pharmacology and Pharmacokinetics
The lipid agents’ biochemical/biophysical properties have a
profound effect on the pharmacology of these lipid formulations (Table 1). For example, L-AmB is not as readily taken
up by macrophages, and L-AmB achieves higher serum concentrations and a greater area under the curve (AUC) in blood
compared to AmB-d or the other lipid preparations. On the

Owing to a variety of confounding variables, the pharmacodynamic information obtained with AmB-d cannot be
directly extrapolated to the lipid formulations. In general,
studies utilizing AmB lipid formulations have revealed a
poor correlation between pharmacodynamic parameters
and outcome [43]. Measurement of free AmB has been
hypothesized to potentially resolve these discrepancies.
However, the ability to accurately measure or predict free
AmB is difﬁcult [95].
As mentioned earlier, L-AmB achieves serum concentrations many-fold higher than the other lipid formulations of
AmB, leading to a tremendously increased AUC versus time
curve that in turn impacts all pharmacodynamic calculations.
Using traditional calculations, L-AmB would not be predicted
to be an effective therapy for central nervous system infections. To the contrary, L-AmB proved effective in animal studies
[43] and a clinical trial of patients with AIDS-associated
cryptococcal meningitis [98]. Although cerebrospinal ﬂuid
levels were low or undetectable, brain tissue concentrations
exceeded expectations and, in the animal studies, were higher
than those found with either AmB-d or the other lipid formulations. Brain tissue concentrations in patients receiving
L-AmB were not as high as those documented in the animal
studies [43, 98].
After 7 days of parenteral treatment of rabbits, mean AmB
concentrations in inﬂamed eyes were signiﬁcantly higher in
the aqueous humor for L-AmB (0.73 Pg/mL) compared with
ABLC (0.03 Pg/mL) and AmB-d (0.13 Pg/mL). Levels in
the vitreous body were also higher for L-AmB (0.47 Pg/mL)
than for ABLC (0.27 Pg/mL) and AmB-d (0.16 Pg/mL).
Little, if any AmB-d can be detected in noninﬂamed eyes
[99, 100].
Disproportionate distribution into the reticuloendothelial
system has been observed for two lipid formulations, ABLC
and L-AmB. As a result, very high tissue concentrations of
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these agents are detected in the liver and spleen relative to
serum. These high tissue concentrations have been hypothesized to be a therapeutic advantage for these agents in
treating patients with chronic disseminated candidiasis
[95]. In support of this theory, clearance of C. albicans from
the liver was superior in mice treated with L-AmB (1.5 mg/
kg) compared to mice treated with AmB-d at equal doses
[101]. In contrast, clearance of yeasts from lung was not
enhanced in L-AmB-treated mice, but high concentrations
of ABLC were detected in lung tissue, suggesting that this
fomulation may be optimal for the treatment of pulmonary
mycoses.

dose of any of the AmB lipid formulations under close
observation and to reduce the rate of infusion in instances in
which these effects are observed [105, 106].
Other adverse events reported with the lipid preparations
include headache, hypotension, hypertension, diarrhea, nausea, vomiting, and rashes. Laboratory abnormalities reported
include hypokalemia, hypomagnesemia, hypocalcemia, elevated liver function tests, and thrombocytopenia [91].
Regarding frequency of infusion-related adverse events of
available AmB preparations, data suggest the following rank
order by greatest to least frequency: AmB-d > ABCD >
ABLC > L-AmB.

Adverse Events

Comparative Trials

All three lipid-based preparations currently available in the
United States exhibit less nephrotoxicity than AmB-d [91,
102]. However, infusion-related toxicities similar to AmB-d
are still observed [103, 104]. Several studies have demonstrated signiﬁcantly fewer infusion-related adverse events
associated with L-AmB when compared with AmB-d or with
ABLC [91, 94, 102].
Although uncommon, acute respiratory events have been
associated with administration of AmB and are typically
characterized by tachypnea, dyspnea, and wheezing.
Recently, there have also been reports of chest discomfort
and altered pulmonary function associated with the lipidbased preparations of AmB [105, 106]. In fact, a triad of
symptoms including: (1) chest pain, dyspnea, and hypoxia;
(2) severe abdominal, ﬂank, and leg pain; and (3) ﬂushing
and urticaria, has been reported with L-AmB [107]. These
reactions appear in approximately 20% of patients, start
within 5 min of infusion, and respond to antihistamines
(diphenydramine).
The mechanisms causing these “uncommon” reactions
are unclear, but may be related to the ability of AmB to elicit
chemokine production from monocytes [14, 48]. The ability
of IL-8 to recruit neutrophils could then mediate the pulmonary toxicity occasionally observed during administration of
this agent. The lipid formulations of AmB deliver higher
amounts of drug to the pulmonary tissue [105]. Thus, it is
conceivable that enhanced pulmonary neutrophil recruitment in response to elevated local concentrations of IL-8
could lead to pulmonary leukostasis and thereby explain in
part the pulmonary toxicity associated with AmB preparations. Indeed, studies in animal models have demonstrated
that AmB pulmonary toxicity involves neutrophil recruitment to the lungs [108, 109]. Another possibility is that the
lipid component of these preparations may itself contribute
to these physiologic effects. Irrespective of the cause of the
pulmonary toxicity, it seems prudent to administer the initial

Comparative trials between lipid AmB preparations and
AmB-d are enlightening. Empiric therapy for febrile neutropenic patients has received the most attention. In two
different studies, ABCD (4 mg/kg/day) and L-AmB (3 mg/
kg/day) were each compared to standard therapy with
AmB-d (0.6–0.8 mg/kg/day) [94, 104]. In both studies,
patients treated with the lipid preparations had a more rapid
defervescence and lower death rate, although in neither
study were these clinical differences statistically signiﬁcant. In contrast, patients receiving either of the lipid preparations had statistically superior outcomes compared to
patients treated with AmB-d for (1) the time to onset and
rates of renal dysfunction; (2) rates of infusion-related reactions; and (3) prevention of breakthrough invasive fungal
infections [94, 104]. Another study of therapy for febrile
neutropenic patients compared two different doses of
L-AmB (3 mg/kg/day and 5 mg/kg/day) to ABLC (5 mg/
kg/day). Clinical outcomes were equivalent for all patient
groups, except that the rates of renal dysfunction were signiﬁcantly less for both doses of L-AmB compared to the
ABLC formulation [102].
Comparative studies of the different AmB formulations
in the treatment of documented infections have been primarily nonblinded and limited in number. ABCD (0.5–8
mg/kg/day), L-AmB (4 mg/kg/day) and ABLC (1.2–5 mg/
kg/day) have been compared with AmB-d (0.1–1.5 mg/kg/
day) for the treatment of invasive aspergillosis [103, 110]
and cryptococcal meningitis [98, 111]. Patients with proven
or probable aspergillosis who received ABCD experienced
higher response rates (50%) compared to a historical control group treated with AmB-d [103]. However, in a randomized, double-blind trial, ABCD showed equal but no
better efﬁcacy than AmB-d as therapy for invasive aspergillosis (52% vs 51%) [110]. In two open label, randomized
trials comparing a lipid formulation for the treatment of
AIDS-associated cryptococcal meningitis, the clinical and
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microbiologic responses rates favored the lipid preparations
[98, 111]. Of note, in these studies, signiﬁcantly lower rates
of nephrotoxicity were observed in patients treated with the
lipid formulations.
A randomized, blinded treatment trial compared AmB-d,
0.7 mg/kg daily, with L-AmB, 3 mg/kg daily, for AIDS
patients who had moderately severe to severe disseminated
histoplasmosis. L-AmB was found to be superior in regard to
efﬁcacy and time to defervescence and there were fewer
adverse reactions in the L-AmB arm [112].

Administration and Dosage
The approved daily dose and rate of administration are different for each lipid formulation. Other than for ABCD, the
maximal daily dose that can be safely administered in humans
has not been adequately deﬁned. More interestingly, the
equivalent doses of the individual lipid formulations that
compare to the recommended dose of AmB-d for a particular
fungal infection has not been established.
The recommended initial dose of L-AmB is 3 mg/kg/day
for empiric therapy and 3–5 mg/kg/day for documented systemic fungal infections. The drug is usually infused over 2
h, but the infusion time can be decreased to 1 h if tolerated.
The currently approved daily dose of ABLC is 5 mg/kg, and
this is infused at a rate of 2.5 mg/kg/h. Daily doses of
L-AmB and ABLC have been titrated considerably higher
than the recommended daily doses and appear to be well
tolerated in selected patients with refractory diseases.
Treatment with ABCD should be initiated with a daily dose
of 3–4 mg/kg. The dose can then be escalated to 6 mg/kg/
day based on patient tolerance and clinical response. The
recommended maximal daily dose is 7.5 mg/kg. Infusionrelated toxicities with ABCD become more severe with
doses of 8 mg/kg or greater.

Costs
A major consideration regarding the lipid-based formulations of AmB is their high cost in comparison to AmB-d.
Data indicate that the lipid formulations range from 10- to
50-fold higher in acquisition cost per dose [113]. These
agents are less nephrotoxic than AmB-d, and their overall
therapeutic:toxic ratio is clearly improved over that of the
parent drug. However, superiority in clinical efﬁcacy has
been deﬁnitively established in head-to-head comparative
trials only in the case of disseminated histoplasmosis.
Consequently, well-done pharmacoeconomic studies are
needed to justify the higher cost of the lipid formulations.
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Flucytosine
Robert A. Larsen

Flucytosine (5-ﬂuorocytosine; 5-ﬂucytosine; 5-FC) is one of
the oldest antifungal agents in use [1]. It was initially synthesized in 1957, but was not discovered to possess signiﬁcant
antifungal properties until 1964, when activity against
Cryptococcus neoformans and Candida species was shown
[2]. Human clinical trials were initiated in the late 1960s for
both cryptococcal meningitis and disseminated candidiasis
[3, 4]. The rapid emergence of ﬂucytosine resistance was
observed, particularly among C. neoformans isolates, limiting its utility as single-agent therapy [5–7]. Presently, ﬂucytosine is utilized as single-agent therapy in only a limited
number of settings, including urinary candidiasis and chromoblastomycosis [8]. The seminal studies of combination
therapy of ﬂucytosine with amphotericin B for patients with
cryptococcal meningitis were the ﬁrst to ﬁrmly establish a
role for combination antifungal therapy for a well-deﬁned
invasive fungal infection [9, 10].

Mechanism of Action
Flucytosine is taken up by fungal cells by a unique fungalspeciﬁc cytosine permease. Two important and independent
pathways for fungal cell injury occur: one leading to protein
synthesis inhibition and the other resulting in DNA synthesis
inhibition. Flucytosine is converted by intracellular deamination to 5-ﬂuorouracil and ultimately processed into 5-ﬂuorouridine triphosphate, which is incorporated into fungal
RNA. This results in miscoding during translation from RNA
into amino acid sequencing, causing structural abnormalities
during protein synthesis [11, 12]. The second mechanism of
action is characterized by the conversion of 5-ﬂuorouracil to
5-ﬂuorodeoxyuridine monophosphate, which inhibits thymidylate synthetase and subsequently DNA biosynthesis [13].
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Resistance to ﬂucytosine may arise from mutations that
affect the production of three key enzymes (uridine monophosphate pyrophosphorylase, cytosine permease, and cytosine deaminase) or through increased production of
pyrimidines [14].

Pharmacology
Both intravenous and oral formulations of ﬂucytosine have
been developed and are in clinical use. However, in the
USA, only the oral formulation of ﬂucytosine is available
and comes as 250- and 500-mg capsules. Following oral
administration, 78–89% of the drug is absorbed, with peak
concentrations achieved in approximately 2 h [15]. Food,
antacids, and renal insufﬁciency can impair absorption.
Over 90% of the drug is eliminated by urinary excretion
unchanged [16]. As such, impaired renal function leads to
drug accumulation and dramatically alters the serum halflife from approximately 4 h in those with normal renal function (range 2.4–4.8 h) to over 85 h in those with severe renal
impairment [17]. Consequently, the daily dose must be
adjusted for patients with renal dysfunction [18].
Hemodialysis, hemoﬁltration, and peritoneal dialysis reduce
plasma ﬂucytosine levels [19]. Flucytosine demonstrates
only limited protein binding (approximately 3–4%). The
penetration of ﬂucytosine into cerebrospinal, peritoneal, and
synovial ﬂuids is approximately 75% of simultaneous
plasma concentrations [11].
Following oral administration of 2 g of ﬂucytosine in subjects with normal renal function, peak serum levels reach
30–40 mcg/mL. Repeated dosing every 6 h results in peak
concentrations of 70–80 mcg/mL. Serum concentrations of
greater than 100 mcg/mL are associated with increased toxicity and can rapidly be achieved in the setting of renal failure, particularly that caused by concomitant amphotericin B
administration [18, 20]. For these reasons, it is important to
monitor renal function closely among all patients receiving
ﬂucytosine and adjust dosing for changes in renal function.
A nomogram for ﬂucytosine dosing is shown in Table 1.
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Table 1 Dose adjustment of ﬂucytosine with renal insufﬁciency
Renal function (mL/min)
Oral dosing
>40
20–39
10–19
<10

25 mg/kg every 6 h
25 mg/kg every 12 h
25 mg/kg every 24 h
25 mg/kg after dialysis and
monitor peak levels

Modiﬁed from Stamm et al. [18]

Estimate of renal function can be made by the CockroftGualt Equation:
eCcr 

(140 age) s mass (in kg) s [0.85 if female]
72 s serum creatinine (in mg/dL)

This formula expects weight to be measured in kilograms
and creatinine to be measured in milligrams per deciliter
(mg/dL), as is standard in the USA. The resulting value is
multiplied by a constant of 0.85 if the patient is female
For creatinine in Pmol/L:
eCcr 

(140 age) s mass (in kg) s constant
serum creatinine (in Mmol/L)

Where constant is 1.23 for men and 1.04 for women

Dosage and Administration
The current standard daily dose of ﬂucytosine is 100 mg/kg
daily given in four divided doses in persons with normal
renal function. Doses ranging between 50 and 150 mg/kg
daily have been utilized successfully among patients with
established fungal infection, but the 150 mg/kg daily dose is
often associated with serious side effects [10, 18, 20].
Early studies among patients with cryptococcal meningitis used ﬂucytosine doses of 150 mg/kg daily, but in these
studies, serum levels were monitored carefully and adjustments in dosing were made based on these determinations.
Recent studies have employed lower-dose regimens of ﬂucytosine (100 mg/kg daily) for shorter periods (2–4 weeks) and
have relied less on monitoring serum levels [21–26].
Serum ﬂucytosine levels are not universally available,
and delays in obtaining test results often reduce or limit the
clinical impact of the information. When available, ﬂucytosine levels can be a helpful adjunct to monitoring therapy
and preventing hematologic toxicities. Frequent monitoring of white blood cell and platelet counts can be used as a
means of monitoring toxicity if ﬂucytosine levels are not
available; the dosage should be decreased at the ﬁrst sign
of a decrease in white blood cell or platelet counts.
Alternatively, ﬂucytosine serum levels can be reasonably
predicted based upon population pharmacokinetic studies
[27]. When monitored, serum levels should be maintained
between 50 and 70 mcg/mL although lower levels may be
effective [14].

Clinical Indications
Flucytosine is indicated for patients with cryptococcosis,
various forms of candidiasis, and chromoblastomycosis.
Development of drug resistance is more common in patients
treated with ﬂucytosine alone. The most common use of ﬂucytosine is in the management of serious infections caused
by C. neoformans [28, 29]. In this setting, ﬂucytosine is usually combined with amphotericin B [9, 10, 22, 26, 30, 31] or
ﬂuconazole [21, 25, 32], and occasionally with itraconazole
[33–36]. Combinations of an azole or amphotericin B with
ﬂucytosine have generally been shown to result in more rapid
culture conversion of the cerebrospinal ﬂuid from positive to
negative and to improved clinical outcomes when compared
to single-agent therapy.
Flucytosine can be employed as a single agent or in combination with amphotericin B against organisms responsible for
chromoblastomycosis, e.g., Fonsecaea and Cladosporium species, with moderate success [37–39]. Evaluation of in vitro
activity of ﬂucytosine against over 8,500 clinical isolates of
Candida species showed that primary resistance to ﬂucytosine
was very uncommon among all species with the exception of
C. krusei (only 5% susceptible) [40]. Even though most
Candida species are susceptible to ﬂucytosine, most invasive
Candida infections are not treated with ﬂucytosine alone.
However, combination therapy with ﬂucytosine and amphotericin B has been used successfully for several forms of invasive candidiasis [41–44]. Given the availability of effective
alternative agents, such as the azoles and the echinocandins,
ﬂucytosine as part of combination therapy with amphotericin B
is an increasingly uncommon approach to serious Candida
infections. However, recent guidelines recommend ﬂucytosine
in combination with amphotericin B for selected patients with
central nervous system candidiasis, Candida endocarditis, and
Candida endophthalmitis [45]. In addition, ﬂucytosine is sometimes used as a single agent to treat urinary candidiasis [45].
Aspergillus species may respond to the combination of
amphotericin B and ﬂucytosine, but the beneﬁt of adding
ﬂucytosine is not well established [46–49]. Histoplasma
capsulatum, Coccidioides species, Blastomyces dermatitidis,
Sporothrix schenckii, and Scedosporium apiospermum are
not susceptible to ﬂucytosine and therefore this drug has no
role in these fungal infections. Although Penicillium marneffei is inhibited in vitro by ﬂucytosine [50], the therapeutic
utility of ﬂucytosine for penicilliosis is not established.

Adverse Effects
The most common adverse effects associated with ﬂucytosine use are gastrointestinal complaints of nausea, vomiting,
and diarrhea. These events are rarely serious, and can often
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be ameliorated by taking the oral medication over 15–30
min. Hepatic toxicities, including elevated transaminase and
alkaline phosphatase levels, have been reported in 0–25% of
subjects taking ﬂucytosine. Rarely, hyperbilirubinemia
occurs with ﬂucytosine administration, but bilirubin levels
usually decline once the drug is stopped [51]. Clinically signiﬁcant hepatitis is rare, but deaths have been attributed to
ﬂucytosine-induced hepatic disease. The gastrointestinal and
hepatic side effects have not been demonstrated to be dose
dependent [52]. Although the mechanism of gastrointestinal
toxicity is not well established, it is postulated to result from
5-ﬂuorouracil accumulation from intestinal microﬂora
metabolism of ﬂucytosine [53, 54].
Serious adverse effects usually arise from bone marrow
injury [18, 20]. Thrombocytopenia, granulocytopenia, and
anemia may arise at any time during the course of therapy,
particularly if ﬂucytosine drug levels accumulate because of
decreased renal clearance associated with concomitant
amphotericin B administration. Bone marrow toxicity has
been observed in 60% of subjects with ﬂucytosine serum levels greater than 100 mcg/mL, whereas only 12% developed
bone marrow toxicity when serum levels were less than 100
mcg/mL [20]. Although ﬂucytosine-induced blood dyscrasias are usually reversible on discontinuation of drug, fatal
bone marrow suppression has been reported. Prior radiation
therapy appears to exacerbate the potential for bone marrow
toxicity.
Therapeutic monitoring of serum ﬂucytosine levels followed
by adjustment of ﬂucytosine dose may reduce the frequency
of severe bone marrow toxicity. A complete blood and platelet
count provides a good indication of ﬂucytosine toxicity when
serum levels are unavailable. Flucytosine may be safely
employed in settings with limited ability to monitor drug levels
through very careful observation of renal function and white
blood cell and platelet counts; dosage adjustments must be
made if renal function changes or white blood cell or platelet
counts fall.
Cytosine arabinoside has been reported to inactivate ﬂucytosine [55]. No other signiﬁcant drug–drug interactions
are known.

Precautions
Flucytosine should be used with care during pregnancy.
Teratogenic effects have been observed in rats and rabbits
(spinal fusion, cleft lip and palate, and micrognathia); thus,
this agent is assigned pregnancy category C by the US Food
and Drug Administration. On occasion, ﬂucytosine has been
given during pregnancy with success [56, 57]. Flucytosine
has not been approved for use in children, but there has been
considerable experience in this age group, particularly for
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treatment of central nervous system and urinary infections
due to Candida species [58, 59]. Nursing mothers should
avoid ﬂucytosine as it may be excreted in breast milk.
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Azoles
David R. Andes and William E. Dismukes

The introduction of the azole class of antifungal drugs with
the licensing of miconazole in 1979 marked the beginning
of a new era in therapy for systemic fungal diseases.
Although miconazole, an intravenous formulation associated with signiﬁcant toxicity, is no longer commercially
available, it set the stage for the development and subsequent licensing of three oral azole drugs: ketoconazole,
ﬂuconazole, and itraconazole [1]. For many systemic
mycoses, these drugs have been effective and safe alternatives to the older antifungal drugs – amphotericin B, a
member of the polyene class and for years the so-called
“gold standard” of therapy, and ﬂucytosine, a ﬂuorinated
pyrimidine. Ketoconazole, introduced in 1981, ﬂuconazole
(1990), and itraconazole (1992) have been attractive agents
because of their excellent spectrum of activity against
Candida species and endemic fungi and their overall efﬁcacy, safety, and ease of oral administration. However,
these drugs for the most part lack signiﬁcant activity against
mould pathogens, an important group of emerging opportunistic fungi. Consequently, the past several years have
witnessed the development of an exciting group of secondgeneration triazole drugs, which possess an expanded spectrum of activity, especially against various moulds and
resistant Candida species. Voriconazole, approved in 2002,
is the ﬁrst of these to become commercially available; posaconazole was most recently licensed – in 2006 [2, 3]. Our
purpose in this chapter is to compare and contrast the pharmacologic properties of the older oral azoles and the newer
triazoles and to provide perspective on the clinical indications for these agents. Since ketoconazole is the oldest
azole and now the least used, our comments about ketoconazole will be limited.
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Chemistry
Chemical structures for the commercially useful (ﬂuconazole, itraconazole, voriconazole, and posaconazole) azole
drugs are shown in Fig. 1. The antifungal zoles are classiﬁed
chemically as imidazoles or triazoles based on the number of
nitrogen atoms (two or three, respectively) in the azole ring
[4]. Voriconazole, a second-generation triazole, was developed via systematic chemical manipulation of ﬂuconazole to
produce a compound with enhanced potency and spectrum
of activity. Voriconazole’s structure is similar to ﬂuconazole,
but one triazole ring is replaced with a ﬂuorinated pyrimidine, and an D-methyl group is added to the propanol backbone. These modiﬁcations increase voriconazole’s afﬁnity
for the target enzyme in Aspergillus fumigatus by 10-fold
over that of ﬂuconazole. Posaconazole is chemically similar
to itraconazole. The structures of both azoles contain
extended piperazine-phenyl-triazole side-chains, but posaconazole is composed of a furan ring with ﬂuorine substituted for chlorine.
These azole drugs can also be distinguished by their relative molecular size and aqueous solubility. Fluconazole is
unique among the antifungal azoles owing to its relatively
small molecular size and high aqueous solubility. Itraconazole, voriconazole, and posaconazole are less soluble or
insoluble in water at physiologic pH, thereby reducing their
oral bioavailability and complicating the development of a
suitable parenteral dosage form. Different approaches have
been taken to assure efﬁcient and safe delivery of these lipophilic compounds into the systemic circulation. As one
example, the oral solution and parenteral formulations of
itraconazole have incorporated the azole in a carrier complex
of hydroxypropyl-E-cyclodextrin, a large ring of substituted
glucose molecules with a hydrophilic outer surface and a
cylindrical hydrophobic inner core [5–8]. A similar formulation was developed for the parenteral formulation of voriconazole [2]. The manufacturers of posaconazole are also
conducting investigations with a parenteral cyclodextrin
formulation.
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Fig. 1 Structures of azole
antifungal agents
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Mechanism of Action
The primary antifungal effect of the azoles occurs via inhibition
of a fungal cytochrome P-450 enzyme involved in the synthesis of ergosterol, the major sterol in the fungal cell
membrane [1, 9–11]. On a molecular level, binding of the
free azole nitrogen with the heme moiety of fungal C-14D
demethylase inhibits demethylation of lanosterol, thereby
depriving the cell of ergosterol and allowing accumulation of
various 14D methylsterols. The net result is a disruption of
normal structure and function of the cell membrane and, ultimately, the inhibition of cell growth and morphogenesis.
More recent experiments with newer azoles have concluded
the antifungal activities of the triazole derivatives are due to
the inhibition of 14D demethylase exclusively [12, 13].
Azoles are generally recognized as fungistatic agents at
clinically achievable concentrations. However, recent in vitro
studies with itraconazole and voriconazole demonstrated
fungicidal activity against conidial suspensions of Aspergillus
fumigatus and several other Aspergillus species at concentrations below those attained with recommended dosages [14].

Formulations and Dosing
Fluconazole is formulated as an oral tablet (50, 100, 150, or
200 mg), a powder for oral suspension (10 mg/mL,
50 mg/5 mL, 40 mg/mL, 200 mg/5 mL), and as an intravenous formulation (400 mg/200 mL, 200 mg/100 mL). The
recommended regimen for invasive candidiasis is a loading
dose 800 mg (12 mg/kg) followed by 400 mg (6 mg/kg) daily
[15]. A dosage of 400 mg daily is recommended for antifungal
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prophylaxis in neutropenic patients. Lower dosages can be
administered for treatment of noninvasive infections. A single
150-mg dose is effective for treatment of vulvovaginal candidiasis. Fluconazole dosages of 100–200 mg daily are recommended for treatment of oropharyngeal candidiasis.
Dosages of 200–400 mg daily should be administered for
esophageal candidiasis. For suppression of mucosal candidiasis in patients with recurrent disease, ﬂuconazole 200 mg
3×/week is recommended. Treatment and suppression of
cryptococcosis requires dosages of 200–800 mg daily,
depending on the severity of the infection. Fluconazole can
be safely administered to infants and children [16].
Fluconazole is cleared more rapidly in children than adults
and higher weight-based dosages are required to produce
therapeutic exposures. For treatment of systemic candidiasis
in children, a dosage of 6–12 mg/kg daily is recommended.
A lower daily dose (3 mg/kg) can be administered for
mucosal candidiasis, but a loading dose of 6 mg/kg should be
given. For treatment of cryptococcal meningitis in children,
ﬂuconazole can be administered as a 12 mg/kg IV loading
dosage, followed by 6 mg/kg daily.
Available preparations of itraconazole include a 100-mg
capsule and an oral solution (10 mg/mL complexed with
400 mg hydroxypropyl-E-cyclodextrin/mL). Itraconazole
has also been formulated for intravenous administration, but
this product is available in only a few countries. For treatment of invasive fungal infections, including aspergillosis,
blastomycosis, and histoplasmosis, loading doses are recommended to more rapidly achieve steady-state serum concentrations. Loading doses can be administered by the intravenous
route (200 mg IV twice daily for four doses) or oral route
(200 mg three times daily for 3 days). The dose can then be
decreased to 200 mg once or twice daily. Loading dosages
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are not considered necessary for less severe infections,
including mucosal candidiasis and onychomycosis. The itraconazole oral solution should be administered as swish and
swallow for esophageal candidiasis (200 mg daily) and
oropharyngeal candidiasis (100–200 mg daily). The approved
regimens for onychomycosis include daily itraconazole
(200 mg daily for 12 weeks) or pulse therapy (200 mg twice
daily for 1 week, then off drug for 3 weeks, repeated for
12 weeks). Itraconazole is not approved for pediatric patients.
However, the itraconazole oral solution has been studied in
infants and children for the treatment of mucosal candidiasis
and as antifungal prophylaxis at dosages of 5 mg/kg daily,
2.5 mg/kg daily, and 2.5 mg/kg twice daily [17, 18]. Limited
studies in infants and younger children suggest that intravenous itraconazole can be administered based upon weight as
well. A single 2.5 mg/kg dosage was well tolerated in young
children and resulted in serum itraconazole levels similar to
adults [19].
Voriconazole is formulated as an oral tablet (50 or
200 mg), a powder for oral suspension (40 mg/mL), and a
solution complexed with sulfobutyl-ether E-cyclodextrin
(SEBCD) for intravenous administration (10 mg/mL voriconazole, 160 mg/mL SEBCD). The recommended intravenous regimen includes a 6 mg/kg loading for two doses
followed by 4 mg/kg BID. The recommended oral dosing
regimen also involves a loading period (400 mg BID for two
doses) followed by 200 mg BID. If the patient is not responding to therapy, the oral dosing regimen can be increased to
300 mg BID. The oral dose may be smaller than the intravenously administered dosages on a weight basis. Some experts
recommend increasing the oral dosage based on weight
(4 mg/kg) rounded up to convenient pill sizes. However,
weight-based oral dosing has not been extensively examined.
Patients 12 years of age or older should receive adult doses
of voriconazole. In contrast, younger children require higher
weight-based dosages of voriconazole to achieve the same
serum concentrations as adults [20, 21]. A pediatric dosage
of 7 mg/kg administered every 12 h results in similar voriconazole serum concentrations as an adult dosage of 4 mg/kg
given every 12 h and is the currently recommended regimen
for this group [22]. Study of voriconazole in newborn infants
is limited.
Posaconazole is currently available only as an immediaterelease oral suspension containing polysorbate 80 as an
emulsifying agent. The suspension is cherry-ﬂavored and
contains 40 mg of posaconazole per milliliter. Due to saturable absorption, loading doses are not advised, and doses
should be divided into two to four daily doses. The recommended dose of posaconazole is 800 mg daily for treatment
of fungal infection and 600 mg daily for prophylaxis of fungal infection. Posaconazole is FDA approved for prophylaxis
in adolescents 13 years or older who are at risk for invasive
fungal infection due to severe immunocompromise. In these
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studies, adolescents received posaconazole doses identical to
adults (200 mg TID) [23, 24]. Ongoing pharmacokinetic
studies are attempting to determine appropriate dosing in the
younger pediatric population.

Pharmacokinetics
The major pharmacokinetic parameters of the antifungal
azoles are presented in Table 1. The bioavailability of ﬂuconazole is near 90% and is not signiﬁcantly impacted by administration of food or gastric acidity [25–27]. Itraconazole is
highly lipophilic and poorly soluble in aqueous solutions at
neutral pH. The bioavailability of itraconazole is dependent
upon the formulation. Absorption of the capsule formulation
is only 55% [28]. An acidic gastric environment enhances
solubility of the capsule formulation and optimizes absorption.
Conversely, itraconazole absorption is reduced when coadministered with medications which suppress gastric acidity,
such as proton pump inhibitors or histamine-2 blockers. This
effect can be reversed by administering an acidic beverage,
e.g., Coca-Cola, with the itraconazole capsules to healthy
individuals [29]. Food also positively impacts itraconazole
bioavailability [27, 30]. The development of an oral solution
with hydroxypropyl-E-cyclodextrin as a carrier molecule for
itraconazole has improved the bioavailability of itraconazole
to nearly 80% by enhancing the solubility of the lipophilic
molecule [6, 7, 31]. Food and gastric acidity do not enhance
absorption of the solution formulation.
The bioavailability of voriconazole is >90% in healthy
volunteers and is optimal in the fasted state, approximately
1 h before or after a meal [28, 32]. Unlike itraconazole capsules, gastric acid does not impact absorption of voriconazole. In contrast, the presence of food, especially a high-fat
meal, signiﬁcantly increases absorption of posaconazole
[33–35]. Similar to itraconazole, absorption of posaconazole
is reduced by coadministration of drugs that raise the gastric
pH [36–38].
Peak plasma concentrations of azoles are typically reached
within 2–3 h after administration. With ﬂuconazole, peak
concentrations are proportional to the dose administered
[1, 39]. Posaconazole exhibits dose-limited (saturable)
absorption [28, 40]. In contrast, peak serum levels of voriconazole and itraconazole increase disproportionately with
larger doses, suggesting the presence of saturable ﬁrst-pass
metabolism [41–46]. For example, increasing the voriconazole by two-fold results in an approximately three-fold
increase in Cmax and AUC [46]. Initiation of therapy with
the parenteral formulation and the administration of a loading
regimen helps to assure rapid attainment of therapeutic concentrations for each of the triazoles, with the exception of
posaconazole [1, 2, 47].
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Table 1 Pharmacokinetic parameters of antifungal azoles
Parameter
Fluconazole
Bioavailability (%)
Effect of food

>90
No effect

Itraconazole

Voriconazole

Posaconazole

55–>90a
Decreases capsule
Increases solution

>90
Decreases

8–47b
Increases

Peak concentration (Pg/mL)
At steady state:
3.86–4.96
2.9 [1.9]c
3.0
NA
IV (dosage)
(100 mg daily)
(200 mg bid × 2, then 200 mg daily × 5)
(3 mg/kg bid)
Oral (dosage)
4.1–8.1 (400 mg × 1)
2.0–2.3 [2.1–2.6]c(200 mg bid)
1.9 (200 mg bid)
1.1 (200 mg bid)
Volume of distribution (L/kg)
0.7–1
10.7
4.6
7–15
Tissue penetration (% simultaneous serum)
CSF
50–94
<1
42–67
NA
Protein binding (%)
11–12
99.8 [99.5]c
58
>98
Elimination half-life (h)
22–31
38–64d [27–56]c
6d
24
% Unchanged drug in urine
80
<1
<5
<1
CSF cerebrospinal ﬂuid, NA data not available
a
Oral bioavailability is dependent on dosage form. Higher values represent data from commercially available oral solution when given to healthy
volunteers
b
Human data not currently available. Values represent data from animal studies. Absolute oral bioavailability is not known due to absence of
parenteral dosage form. Value represents bioavailability relative to oral solution
c
Values in brackets are parameters for hydroxyitraconazole
d
Dose-dependent elimination has been reported. Values may be higher or lower depending on dosage

Once absorbed into the systemic circulation, the portion
of an azole drug not bound to plasma proteins distributes
readily to body tissues and ﬂuids. Fluconazole is estimated
to be 11–13% protein-bound in the serum of healthy volunteers [48]. Fluconazole penetrates most tissues, including the
liver, spleen, lung, brain, muscle, and eye [42, 49, 50].
Therapeutic concentrations have been measured in all body
ﬂuids sampled, including the brain parenchyma and the cerebrospinal ﬂuid (CSF), achieving concentrations near those
observed in serum. Fluconazole also accumulates in the
compartments of the inﬂamed and noninﬂamed eye.
Fluconazole is the sole triazole that is excreted in active form
into the urine. In healthy volunteers, urinary ﬂuconazole
concentrations are approximately 10-fold higher than serum
concentrations [51, 52]. Signiﬁcant and prolonged vaginal
penetration has also been noted and is the basis for dosing as
infrequently as every 72 h for treatment of vaginal candidiasis.
A single-dose ﬂuconazole (150 mg) produces peak concentrations in vaginal secretions similar to plasma and concentrations remain above 1 Pg/g for 72 h [53].
Itraconazole is 99.8% bound to plasma protein; therefore,
levels of itraconazole in body ﬂuids, such as CSF, are relatively low in relation to plasma levels (2–5%) [5]. Itraconazole
accumulation in the vitreous is also limited [54]. Itraconazole
has a large volume of distribution (11 L/kg), and drug has
been demonstrated to accumulate in tissues, such as lung,
kidney, muscle, bone, and the gastrointestinal tract [42].
Similar to ﬂuconazole, high levels of itraconazole are found
in the female genital tract [55]. In addition, concentrations of
itraconazole in keratinous tissues are exceptionally high

(up to 19-fold higher than plasma), thereby allowing
intermittent or pulse therapy for infections localized to the
skin and nails [41, 44, 56].
Voriconazole is 58% protein bound in the serum with a
volume of distribution of 4.6 L/kg. Several studies demonstrate extensive voriconazole tissue penetration to extravascular tissues, including the CNS and compartments of the
eye [28, 57, 58]. Voriconazole assay in the CSF of patients
receiving therapy for CNS fungal infection demonstrated
concentrations of more than 40% of concentrations measured
in serum. A similar study in a cohort with ocular fungal
infections reported voriconazole concentrations in the vitreous humor and aqueous humor that were 38% and 53% of
those observed in plasma, respectively [59].
Protein binding for posaconazole is similar to itraconazole (>98%). Although posaconazole CSF levels in a rabbit
model of cryptococcal meningitis were undetectable
(<0.05 Pg/mL), posaconazole was as effective as ﬂuconazole
in treatment of meningitis, suggesting that CSF posaconazole levels may not predict drug efﬁcacy for treatment of
meningitis [60]. An open-label trial of posaconazole therapy
of refractory central nervous system fungal infections also
demonstrated efﬁcacy [61]. These data suggest that posaconazole achieves therapeutic CNS concentrations. Vitreal penetration observations suggest posaconazole achieves
concentrations (21%) that are lower than those described for
voriconazole (38%) and ﬂuconazole (28–75%), but higher
than that reported for itraconazole (10%) [28, 59].
Fluconazole is the sole triazole that does not undergo
extensive metabolism, but is eliminated largely as unchanged
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drug in the urine. The elimination half-life of ﬂuconazole is
approximately 30 h. Clearance declines with increasing
degrees of renal impairment, and dosages of this agent should
be reduced accordingly. For patients with a creatinine clearance of 10–60 mL/min, the ﬂuconazole dosage should be
decreased by 50%. Adjustments are not necessary for loading dosages or single-dose ﬂuconazole [62]. Standard hemodialysis and some forms of continuous hemoﬁltration remove
signiﬁcant amounts of ﬂuconazole from plasma, [63–66] and
it is recommended that ﬂuconazole be administered following hemodialysis. Conversely, in a case study of a patient on
continuous arteriovenous hemodiaﬁltration (CAVHD), ﬂuconazole administered without dosage adjustment resulted in
pharmacokinetic parameters similar to patients with normal
renal function [67]. Fluconazole does not require dose reduction for patients with hepatic impairment.
Itraconazole and voriconazole undergo extensive hepatic
metabolism via cytochrome P-450 enzymes and are eliminated in urine or bile as inactive metabolites [1, 41, 42, 45,
68–70]. Itraconazole is metabolized, primarily by the
CYP450 isoenzyme 3A4, to at least three metabolites:
hydroxyitraconazole, keto-itraconazole, and N-desalkylitraconazole. Itraconazole is unique because one of these
metabolites, hydroxyitraconazole, exhibits antifungal activity similar to or greater than the parent compound [41].
Elimination of itraconazole and hydroxyitraconazole follow
saturable pharmacokinetics, and the half-life is greater than
24 h [34]. The metabolites are recovered in the feces (54%)
and urine (35%) [42]. All excreted metabolites in the urine
are not microbiologically active [71]. Renal elimination is
not a major route for itraconazole clearance, and the dosing
regimen of itraconazole does not need to be adjusted for
renal insufﬁciency. However, the major route of elimination
of a hydroxypropyl-E-cyclodextrin vehicle is glomerular ﬁltration, and higher levels are found in patients with reduced
renal function (creatinine clearance of <19 mL/min).
Therefore, the intravenous formulation of itraconazole is not
recommended for patients with creatinine clearance of
<30 mL/min and should be used with caution in those with
creatinine clearance of 30–80 mL/min. However, the itraconazole oral solution can be used in patients with renal insufﬁciency because the hydroxypropyl-E-cyclodextrin carrier is
degraded by amylases in the gastrointestinal tract and is thus
not systemically absorbed (<3%) [7]. Itraconazole is not
dialyzable by either hemodialysis or continuous ambulatory
peritoneal dialysis (CAPD) [72]. Hepatic metabolism of itraconazole is necessary for elimination. Studies examining the
use of itraconazole in patients with liver disease are limited;
however, elevated serum itraconazole concentrations are
expected in patients with hepatic impairment and dose reduction is recommended [41, 42].
Voriconazole is hepatically metabolized by CYP450 isoenzymes CYP2C9, CYP2C19, and CYP3A4 via N-oxidation,

with CYP2C19 as the major metabolic enzyme [73]. Recent
investigations with voriconazole [74] indicate clearance may
be reduced signiﬁcantly in patients with impaired hepatic
function; therefore, dosage reduction is warranted in patients
with mild-to-moderate cirrhosis of the liver (Child-Pugh
Classes A and B). The elimination half-life of voriconazole is
short (6.5 h) compared to the other triazoles. However, metabolism of voriconazole is saturable within the range of clinically effective dosages, and plasma clearance of these agents
is signiﬁcantly reduced (elimination half-life is prolonged) as
doses approach 400 mg. Renal elimination of the parent compound is minimal, and no adjustments of oral voriconazole
are required for decreased renal function. However, in using
the intravenous formulation one must consider the renally
cleared cyclodextrin vehicle, and use of the intravenous formulation is not recommended in patients with reduced renal
function (CrCl < 50 mL/min). The oral formulation does not
contain the cyclodextrin vehicle and is safe in patients with
renal insufﬁciency. Voriconazole is not readily dialyzable,
with <1% found in the dialysate of patients receiving peritoneal dialysis [75]. Voriconazole has been administered without
dosage adjustments to patients undergoing continuous venovenous hemodiaﬁltration, peritoneal dialysis, and hemodialysis
[75, 76].
Posaconazole undergoes minimal metabolism (15%) and
is primarily excreted unchanged into the feces [77]. Studies
in rodents indicate that posaconazole undergoes signiﬁcant
enterohepatic circulation and is eliminated almost entirely in
bile and feces [69]. Dosing adjustments are not required in
patients with renal dysfunction, and posaconazole is not
removed by hemodialysis [78]. Posaconazole has not been
studied extensively in patients with hepatic insufﬁciency and
should be used with caution in these patient populations.

Therapeutic Drug Monitoring
Numerous studies have demonstrated wide patient-to-patient
variability in serum concentrations for three of the triazole
drugs: itraconazole, voriconazole, and posaconazole. A growing body of evidence suggests a relationship between serum
concentrations and either treatment efﬁcacy or adverse effects
[79]. This combination of pharmacologic factors warrants
consideration of therapeutic drug monitoring.
Both healthy volunteer and population pharmacokinetic
studies have demonstrated large kinetic variability for itraconazole and posaconazole that is related predominantly to
erratic absorption [80–82]. For the capsule formulation of
itraconazole and for posaconazole, absorption is impacted by
gastric acidity and drugs that control gastric pH. In addition,
food has a signiﬁcant inﬂuence on absorption of all three
triazoles in the monitoring category. Much of the intersubject
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variability in voriconazole serum concentrations has been
linked to allelic polymorphisms in the gene encoding the
primary metabolic enzyme for voriconazole (CYP2C19) [73,
83]. Patients with polymorphisms conferring poor voriconazole metabolism have higher drug concentrations and are at
increased risk for toxicity [21, 84–86]. Conversely, low
serum voriconazole levels are observed in patients with polymorphisms resulting in extensive metabolism, and these
lower concentrations have been associated with treatment
failure [84]. Intersubject variability in voriconazole exposure
is more pronounced in certain patient cohorts, suggesting
that variables other than CYP2C19 metabolizer status may
impact voriconazole drug exposure [85].
Numerous studies have demonstrated a strong relationship between triazole serum concentration and treatment
efﬁcacy [87–90]. The itraconazole serum concentrationefﬁcacy relationship has been studied in a variety of disease
states, including candidiasis, aspergillosis, cryptococcosis,
and coccidioidomycosis. The utility of monitoring has been
examined using two treatment strategies, including prophylaxis to prevent the development of an invasive fungal infection, as well as treatment of documented fungal infections.
Interpretation of itraconazole serum concentrations is dependent upon the assay method. Serum levels can be measured
by either high-performance liquid chromatography (HPLC),
which is able to differentiate the active metabolite of itraconazole, hydroxyitraconazole, from itraconazole or bioassays
which are not able to make this distinction. The bioassay values are typically 10-fold higher than HPLC values due to the
additional activity of the metabolite [91, 92].
The largest study experience with itraconazole therapeutic
drug monitoring has been in the setting of antifungal prophylaxis [93–96]. Two independent studies demonstrated that
achieving an itraconazole trough concentration greater than
0.25–0.50 Pg/mL favored prevention of breakthrough fungal
infections [93, 94]. Among the cohort with concentrations
below this value, 50% of patients developed an invasive fungal
infection while only 30% of those with concentrations above
this value developed fungal infections. A third study demonstrated a survival advantage in patients with breakthrough fungal infections associated with higher (>0.5 compared to
0.12 Pg/mL) itraconazole trough concentrations [96].
Examination of the role for itraconazole serum concentration montoring in the setting of treatment of documented fungal infections is smaller; however, the relationships are
similar. In a group of 21 patients with invasive aspergillosis,
the mean itraconazole trough concentration (based upon
microbiologic assay) in responders was 6.5 Pg/mL compared
to only 4.2 Pg/mL in nonresponders [88, 91]. The same serum
concentration-efﬁcacy relationship was observed in a cohort
of 39 patients with nonmeningeal coccidioidomycosis [90].
In another study, investigators examined the impact of
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itraconazole trough concentrations (determined by HPLC) on
treatment outcome in 25 patients with HIV and cryptococcal
meningitis. Treatment success was observed in 100% of
patients with trough concentrations >1 Pg/mL. In contrast,
only a partial clinical response was achieved in 66% of those
patients with concentrations <1 Pg/mL [89]. The largest database used to investigate the relationship between itraconazole
serum levels and efﬁcacy was composed of 250 patients with
oral candidiasis [97]. The analysis examined the impact of
both itraconazole trough concentration (by HPLC) and
Candida in vitro susceptibility on outcome. The trough concentrations associated with the highest success rate (83%)
were >0.5 Pg/mL, while only 76% of patients with trough
concentrations <0.5 Pg/mL responded to therapy. The signiﬁcantly lower value observed for noninvasive fungal infections
suggests that lower exposures may be sufﬁcient for treatment
of Candida noninvasive infection.
More recently, clinical studies demonstrating the utility of
monitoring voriconazole and posaconazole serum concentrations have emerged. Reports from patients receiving voriconazole therapy for invasive aspergillosis demonstrated
favorable outcome associated with trough concentrations
greater than 1–2 Pg/mL [98, 99]. Studies of monitoring in
patients receiving voriconazole prophylaxis suggest that
serum trough concentrations as low as 0.5 Pg/mL may be
sufﬁcient [100]. For posaconazole, monitoring was undertaken in an open-label trial for treatment of refractory aspergillosis. In this patient cohort, a statistically and clinically
meaningful relationship between posaconazole serum concentration and treatment outcome was observed. Efﬁcacy
was greatest in patients with steady-state concentrations
>1.25 Pg/mL and intermediate in those with concentrations
above 0.5 Pg/mL [81]. In a randomized trial of antifungal
prophylaxis for allogeneic hematopoietic stem cell transplant
recipients with GVHD, only ﬁve patients receiving posaconazole developed an invasive fungal infection. However, these
patients were found to have lower median plasma posaconazole concentrations (Cmax 699 ng/mL, Cav 611 ng/mL)
compared to the 241 patients who did not develop infection
(Cmax 1,360 ng/ml, Cav 922 ng/mL). With only a small subset of patients diagnosed with an infection, a statistically signiﬁcant relationship between serum drug level and infection
could not be established [101].

Drug Interactions
Clinical use of the antifungal azoles is problematic in some
patients because of the potential for interactions with coadministered drugs [32, 66, 102–113]. Thus a patient’s concomitant medications should be carefully reviewed for potential
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drug interactions prior to start and discontinuation of triazole
therapy. These interactions can be broadly categorized in two
major types: those that result in decreased or, less commonly,
increased serum concentrations of the azoles, and those interactions in which the azoles produce increased plasma concentrations and/or clinical effect of another agent. Because
several of the interactions pose sufﬁcient risk, coadministration is not recommended. Speciﬁc interactions reported with
individual azoles are provided in Table 2.
The most commonly encountered interaction is due to a
CYP450 interaction resulting in an increase in the concentration of the coadministered medication [105, 114]. Each of the
triazoles is a substrate for one or more of the CYP450 isoenzymes; however, the individual triazoles vary in their afﬁnity
for the various enzymes [115]. This interaction includes ﬂuconazole and posaconazole, which are not signiﬁcantly
metabolized by the CYP450 enzymes but are substrates for
the inhibition of CYP450 isoenzymes. Fluconazole is an
inhibitor of CYP3A4, CYP2C9, and CYP2C19 [103]. The
following drugs should not be administered with ﬂuconazole
due to risk of QT prolongation: astemizole, bepridil, cisapride, levomethadyl, mesoridazine, pimozide, ranolazine,
terfenadine, thioridazine, or ziprasidone. Fluconazole also
increases serum levels of ergot alkaloids, and concomitant
use is contraindicated due to risk of toxicity.
Itraconazole is both a substrate and an inhibitor of the
CYP450 enzymes, speciﬁcally CYP3A4 and CYP2C9 [103].
Itraconazole is the most potent triazole inhibitor of CYP3A4.
Coadministration of itraconazole with cisapride, dofetilide,
pimozide, terfenadine, levacetylmethadol, or quinidine
results in elevated concentrations of these drugs and is contraindicated due to risk of QT prolongation, torsades de
pointes, and ventricular arrhythmia [116, 117]. Lovastatin,
simvastatin, oral midazolam, triazolam, and ergot alkaloid
clearance are also markedly reduced, and coadministration is
contraindicated [118]. Itraconazole may expose patients to
higher levels of vinca alkaloids, and concomitant use of itraconazole and vincristine in patients with leukemia or lymphoma was associated with increased risk of neurotoxicity,
including severe myalgias, arthralgias, paralysis, and paralytic ileus [119, 120].
Voriconazole is both a substrate and an inhibitor of the
CYP450 enzymes, speciﬁcally CYP2C19, CYP2C9, and
CYP3A4 [70, 114, 121]. Similar to the other triazoles, coadministration of voriconazole with astemizole, cisapride,
pimozide, quinidine, or terfenadine is contraindicated due to
risk of QT prolongation and torsades de pointes. Voriconazole
can also substantially increase serum levels of ergot alkaloids, and concomitant use is not recommended.
Although posaconazole is not extensively metabolized by
CYP450 enzyme system, it is an inhibitor of the CYP450
3A4 isoenzyme and has the capacity for drug-drug interactions
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through this mechanism. Posaconazole is not a major substrate
or inhibitor of other isoenzymes, including CYP2C8/9,
CYP1A2, CYP2D6, or CYP2E1 [122]. In patients taking
posaconazole, contraindicated drugs include astemizole,
cisapride, dihydroergotamine, ergoloid mesylates, ergonovine,
ergotamine, halofantrine, methylergonovine, methysergide,
pimozide, quinidine, and terfenadine.
Other CYP450 interactions due to this class of interactions are common but can often be managed by monitoring
and dose adjustment of the coadministered medication. For
example, interaction with the calcineurin inhibitors in the
transplant population is common to all of the triazoles to
some degree. Similarly, interaction with warfarin requires
enhanced monitoring of the degree of anticoagulation when
administered with the azole class of drugs.
Drug interactions that result in decreased concentrations
of the azole occur via two primary mechanisms. In the ﬁrst
type, solubilization and subsequent absorption of weakly
basic, highly lipophilic azoles is impaired by agents that
decrease gastric acidity. The agents affected are ketoconazole, itraconazole capsules, and posaconazole. In situations
where ketoconazole, itraconazole capsules, or posaconazole
is used in patients receiving antisecretory therapy, administration of the azole with an acidic beverage, e.g., Classic
Coca-Cola® or Pepsi®, is recommended [29, 36, 123].
The second mechanism by which serum concentrations of
the azole are reduced is via induction or inhibition of azole
metabolism by agents that impact hepatic cytochrome P-450
activity [103, 105, 114]. All azoles are affected, although
clinical signiﬁcance of these interactions is least with ﬂuconazole since hepatic metabolism plays only a minor role in
clearance of this drug. In contrast, the impact on other agents
is substantial and therapeutic failures are possible in patients
receiving the other azoles with enzyme-inducing agents
[105, 124–129]. Whenever possible, concomitant therapy
with azoles and these inducing agents, including phenytoin,
carbamezapine, and rifampin, should be avoided [130].
Another mechanism, via which antifungal azoles may
increase plasma concentrations and/or the effect of coadministered agents, involves inhibition of P-glycoprotein, an
ATP-dependent plasma membrane transporter involved in
intestinal absorption, brain penetration, and renal secretion
of a number of chemically diverse agents [131]. Of the available azoles, itraconazole, ketoconazole, and posaconazole
have the highest potential to interact with P-glycoprotein.
Inhibition of this transporter is thought to be the primary
mechanism by which itraconazole enhances the neurotoxicity of vincristine [119, 120, 132, 133] and decreases renal
clearance (increases serum concentration) of digoxin [115,
134, 135]. Further investigation is necessary to determine the
extent to which the newer triazole derivatives interact with
P-glycoprotein.

Increased plasma
concentration of
coadministered drug

Increased plasma
concentration of azole
due to coadministered
drug

Decreased plasma
concentration of azole
due to metabolism

Decreased absorption of
azoles

Aldosterone antagonists-eplerenone
Anesthetics-enﬂurane, halothane, isoﬂurane
Antianginal-ranolazine
Antiarrhythmics-acecainide, ajmaline,
amiodarone, aprindine, azimilide, bretylium, disopyramide, ﬂecainide, hydroquinidine, ibutilide, lorcainide, pirmenol,
prajmaline, procainamide, propafenone
quinidine, sematilide, sotalol, tedisamil

Antibiotics- rifampin, rifapentine

Table 2 Drug interactions involving antifungal azoles
Effect of interaction
Fluconazole
Voriconazole

Antacids- aluminum carbonate (basic),
aluminum hydroxide, aluminum
phosphate, calcium, dihydroxyaluminum
aminoacetate, dihydroxyaluminum
sodium carbonate, magaldrate, magnesium carbonate, magnesium hydroxide,
magnesium trisilicate, sodium
bicarbonate
H2-blockers-cimetidine, famotidine,
nizatidine, ranitidine, roxatidine
Proton pump inhibitors-esomeprazole,
lansoprazole, omeprazole, pantoprazole,
rabeprazole
Antibiotics-isoniazid, rifabutin, rifampin,
Antibiotics- rifabutin, rifampin,
rifapentine
rifapentine
Antiepileptics-carbamazepine, fosphenytoin, Antiepileptics-carbamazepine,
phenytoin
fosphenytoin, phenytoin
Antiretrovirals-amprenavir,
Antiretrovirals-darunavir, didanosine,
darunavir, delavirdine, efavirenz,
efavirenz, etravirine, nevirapine
nevirapine, ritonavir, tipranavir
Barbiturates-phenobarbital
Barbiturates-alfuzosin, aprobarbital,
butabarbital, eterobarb,
heptabarbital, hexobarbital,
mephobarbital, pentobarbital,
phenobarbital, secobarbital
Antiretrovirals-delavirdine,
Antibiotics-clarithromycin
etravirine, fosamprenavir,
Antiretrovirals-amprenavir, darunavir,
nelﬁnavir, nevirapine, saquinafosamprenavir, lopinavir, ritonavir
vir, tipranavir
Oral contraceptives- ethinyl
estradiol, norethindrone
Proton
pump inhibitor – omeprazole
Alpha-adrenergic blockersAldosterone antagonists-eplerenone
alfuzosin
Alpha-adrenergic blocker-alfuzosin
Antianginal-ranolazine
Antianginal- ranolazine
Antiarrhythmics-quinidine
Antiarrhythmics-digoxin, disopyramide,
Antibiotics-clarithromycin,
dofetilide, quinidine
erythromycin, rifabutin
Antibiotics-clarithromycin, erythromycin,
Anticoagulants-acenocoumarol,
telithromycin, trimetrexate
dicumarol, phenprocoumon,
Anticholingergic-oxybutynin
warfarin

Itraconazole

Antiarrhythmics-quinidine
Antibiotics- rifabutin
Antiepileptics-phenytoin
Antimalarials-halofantrine
Antipsychotics-pimozide
Antiretrovirals-etravirine
Antihistamine-astemizole(off
market), terfenadine (off
market)

Antibiotics-rifabutin,
rifampin, rifapentine
Antiepileptics-phenytoin

H2-blockers-cimetidine
Proton pump inhibitorsesomeprazole, lansoprazole, omeprazole,
pantoprazole, rabeprazole

Posaconazole

Effect of interaction

(continued)

Posaconazole
Antiarrhythmics-quinidine
Antibiotics- rifabutin
Antiepileptics-phenytoin
Antimalarials-halofantrine
Antipsychotics-pimozide
Antiretrovirals-etravirine
Antihistamineastemizole(off market),
terfenadine (off market)
Benzodiazepines-midazolam
Calcium channel blockersamlodipine, diltiazem,
felodipine, lercanidipine,
nifedipine, nisoldipine,
nitrendipine, verapamil
Ergot alkaloidsdihydroergotamine,
ergoloid mesylates,
ergonovine, ergotamine,
methylergonovine,
methysergide
Immunosuppressantscyclosporine, sirolimus,
tacrolimus
Serotonic receptor antagonists-cisapride (off
market)
Statins-atorvastatin,
lovastatin, simvistatin

Voriconazole
Antiepileptics-fosphenytoin,
phenytoin
Antineoplastic agents-erlotinib,
imatinib, ixabepilone, lapatinib,
nilotinib, vinblastine, vincristine, vincristine liposome,
vinorelbine, sunitinib, temsirolimus, tretinoin
Antipsychotics-pimozide
Antiretrovirals-amprenavir,
atazanavir, delavirdine,
efavirenz, etravirine, fosamprenavir, maraviroc, nelﬁnavir,
nevirapine, saquinavir, tipranavir
Antihistamines- astemizole,
terfenadine
Benzodiazepines-alprazolam,
midazolam, triazolam
Calcium channel blockers-amlodipine, diltiazem, felodipine,
lercanidipine, nifedipine,
nisoldipine, nitrendipine,
verapamil
Calcimimetic-cinacalcet
Calcitriol analog-paricalcitol
Ergot alkaloids-dihydroergotamine,
ergoloid mesylates, ergonovine,
ergotamine, methylergonovine,
methysergide
Proton pump inhibitorsesomeprazole, omeprazole
Immunosuppressants-cyclosporine,
sirolimus, tacrolimus
Opiods- alfentanil, methadone

Itraconazole
Anticoagulants- acenocoumarol, anisindione,
dicumarol, phenindione, phenprocoumon, warfarin
Antidepressants-buspirone, trazodone
Antidiarrheal agents-loperamide
Antiemetic-aprepitant
Antihistamines-astemizole, terfenadine
Antimalarials-halofantrine
Antineoplastic agents-bexarotene, busulfan,
docetaxel, erlotinib, geﬁtinib, imatinib,
ixabepilone, lapatinib, nilotinib,
sunitinib, vinblastine, vincamine,
vincristine, vincristine liposome,
vindesine, vinorelbine
Antiparasitic-praziquantel
Antipsychotics-aripiprazole, pimozide,
quetiapine, risperidone
Antiretrovirals- amprenavir, darunavir,
etravirine, fosamprenavir, indinavir,
maraviroc, saquinavir
Benzodiazepines- alprazolam, diazepam,
midazolam, triazolam
Calcium channel blockers-amlodipine,
felodipine, isradipine, nicardipine,
nifedipine, nimodipine, verapamil
Calcimimetic-cinacalcet
Calcitriol analog- paricalcitol
Corticosteroids- betamethasone, budesonide,
corticotropin, cosyntropin, deﬂazacort,
dexamethasone, ﬂudrocortisone,
ﬂuocortolone, hydrocortisone, methylprednisolone, paramethasone, prednisolone, prednisone, triamcinolone
Endothelin receptor antagonists-ambrisentan,
bosentan
Ergot alkaloids- dihydroergotamine, ergoloid
mesylates, ergonovine, ergotamine,
methylergonovine, methysergide
Glucose lowering agents-repaglinide
Immunosuppressants-cyclosporine,
sirolimus, tacrolimus, temsirolimus
Lipid-lowering agents- atorvastatin,
cerivastatin, lovastatin, rosuvastatin,
simvistatin
Muscarinic receptor antagonist-darifenacin

Fluconazole

Antibiotics-clarithromycin, erythromycin,
gemiﬂoxacin, levoﬂoxacin, nitrofurantoin,
rifabutin, spiramycin, sulfamethoxazole,
telithromycin, trimethoprim,
trimetrexate(?)
Anticoagulants- acenocoumarol, anisindione,
dicumarol, phenindione, phenprocoumon,
warfarin
Antidepressants-amitriptyline, amoxapine,
desipramine, dibenzepin, doxepin,
ﬂuoxetine, imipramine, nortriptyline,
trimipramine
Antiemetic-dolasetron, droperidol,
prochlorperazine
Antiepileptics-carbamazepine, fosphenytoin,
phenytoin
Antihistamines- astemizole, terfenadine
Antimalarials-chloroquine, halofantrine,
meﬂoquine
Antineoplastic agents-arsenic trioxide,
ixabepilone, tretinoin
Antiprotozoal-pentamidine
Antipsychotics-amisulpride, chlorpromazine,
haloperidol, mesoridazine, pimozide,
quetiapine, risperidone, sertindole,
sultopride, thioridazine, triﬂuoperazine,
ziprasidone, zotepine
Antiretrovirals-atevirdine, etravirine,
nevirapine, tipranavir, zidovudine
Antiviral-foscarnet
Benzodiazepines-alprazolam, midazolam,
triazolam
Calcium channel blockers-amlodipine,
bepridil, felodipine, isradipine, lidoﬂazine,
nicardipine, nifedipine

Effect of interaction

Table 2 (continued)
Posaconazole
Vinca alkaloids-vinblastine,
vincristine, vincristine
liposome, vinorelbine

Voriconazole
Oral contraceptives- ethinyl
estradiol, norethindrone
Serotonic receptor antagonistscisapride
Statins-atorvastatin, cerivastatin,
lovastatin, simvistatin
Sulfonylureas-glipizide, glyburide,
tolbutamide
Triptans-eletriptan

Itraconazole
Opiods- alfentanil, fentanyl, levomethadyl,
mifepristone
Oral contraceptives and hormonal replacement-estrogens, estradiol, estriol, estrone,
estropipate, eszopiclone
Phosphodiesterase inhibitors- cilostazol,
sildenaﬁl, tadalaﬁl, vardenaﬁl
Serotonic receptor antagonists-cisapride
Stimulants-modaﬁnil
Triptans- almotriptan, eletriptan
Vasopressin receptor antagonists-conivaptan

Fluconazole

Corticosteroids-prednisone
COX2-inhibitors-celecoxib, valdecoxib
Endothelin receptor antagonist-bosentan
Ergot alkaloids- dihydroergotamine, ergoloid
mesylates, ergonovine, ergotamine,
methylergonovine, methysergide
Immunosuppressants-cyclosporine, sirolimus,
tacrolimus
Lipid-lowering agents- atorvastatin, cerivastatin, ﬂuvastatin, lovastatin, probucol,
rosuvastatin, simvistatin
Melatonin receptor agonists- ramelteon
Opiods- alfentanil, fentanyl, levomethadyl,
methadone
Oral contraceptives- ethinyl estradiol,
etonogestrel, levonorgestrel, mestranol,
norelgestromin, norethindrone, norgestrel
Peptides-octreotide, vasopressin
Sedatives-chloral hydrate
Serotonic receptor antagonists-cisapride
Sulfonylureas-glimepiride, glipizide,
glyburide, tolbutamide
Triptans-eletriptan, zolmitriptan
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Spectrum of Activity
As a class, the azoles possess a broad spectrum of activity
that includes most of the fungal pathogens associated with
systemic infections (Table 3) [60, 136–162].
Among the Candida species, drugs are most active against
C. albicans, C. parapsilosis, C. tropicalis, C. lusitaniae, and
C. dubliniensis [163]. With the exception of voriconazole,
the triazoles are generally not active against C. krusei. Although
ﬂuconazole activity has also been demonstrated against some
strains of C. glabrata, MICs are higher and resistance is
common [137, 157, 163]. Few C. glabrata isolates that
exhibit resistance to ﬂuconazole remain susceptible to second-generation triazoles [164–166].
The entire triazole class also exhibits in vitro activity
against Cryptococcus neoformans [60, 145, 163, 167–169].
Against the dimorphic fungi, the older azoles ketoconazole
and itraconazole have better activity than ﬂuconazole
[156]. Voriconazole and posaconazole, the new triazoles,
are also quite active against this group of organisms
[155, 160].
Fluconazole is the sole triazole that exhibits poor activity
against the common moulds or ﬁlamentous organisms and
only moderate activity against dimorphic fungi. The secondgeneration triazoles exhibit signiﬁcantly enhanced in vitro
activity against Aspergillus species and variable activity
against Scedosporium species, Fusarium species, and the
dematiaceous fungi [138, 152, 154, 162, 170–174].
Voriconazole is not active in vitro against Zygomycetes,
whereas posaconazole does show promising activity against
some Zygomycetes, especially Rhizopus species [146, 147,
150, 152, 153].

In vitro Susceptibility Testing
Until recently, in vitro antifungal susceptibility testing has
been considered to be of limited clinical value due to lack of a
reproducible in vitro susceptibility testing procedure and the
apparent poor correlation between in vitro test results and outcomes [175, 176]. In 1997, the National Committee for Clinical
Laboratory Standards (NCCLS) published reference guidelines (M27-A Method) for conducting in vitro susceptibility
testing of Candida species and Cryptococcus neoformans. These
guidelines have recently been updated to the essentially identical M27-A2 methodology [177]. In addition to specifying conditions for performing the tests, the guidelines also provide
antifungal concentration breakpoints for interpreting results of
tests with ﬂuconazole, itraconazole, and voriconazole.
Breakpoints have not yet been determined for posaconazole.
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The information utilized in the development of these
guidelines includes MIC distribution data as well as pharmacokinetic and pharmacodynamic studies from animal models
and patients [97]. Animal data using a murine candidiasis
model have shown that treatment outcomes for triazole antifungals are associated with a drug concentration relative to
the MIC or AUC/MIC ratio of 25 [178–180]. Clinical studies
with ﬂuconazole from 1,295 patients with either oropharyngeal candidiasis or invasive candidiasis provided a dataset allowing pharmacodynamic analysis. Considering the
ﬂuconazole dose and the Candida species MICs, the AUC/
MIC associated with efﬁcacy was similarly near a value of
25. Analysis supported the following MIC breakpoints for
ﬂuconazole and Candida species: susceptible (S), d8 Pg/mL;
susceptible dose–dependent (SDD), 16–32 Pg/mL; and resistant (R), t64 Pg/mL. The dose-dependent category was
determined using a higher dosage of ﬂuconazole. A signiﬁcantly lower clinical success rate was seen for patients with
resistant isolates (42%) compared to those with susceptible
(85%) or susceptible dose–dependent isolates (67%). Based
on this dataset, isolates of Candida species with an MIC
<8 Pg/mL are considered susceptible to ﬂuconazole and isolates with a MIC >32 Pg/mL are considered resistant.
Fluconazole MICs of 16–32 Pg/mL are reported as susceptible dose-dependent (S-DD), implying that positive outcomes are more likely with higher dosages. Several published
clinical observations in both mucosal and invasive candidiasis have corroborated these reports [181, 182].
A similar approach was taken for development of breakpoints for itraconazole, although the data available for analysis
were more limited. Clinical studies evaluated in this process
included data for 316 HIV-infected patients with oropharyngeal candidiasis enrolled in four trials investigating the efﬁcacy of itraconazole oral solution. Outcome relative to
itraconazole MIC was investigated [97]. The combined data
supported the following MIC breakpoints for itraconazole
and Candida species: susceptible (S), d0.125 Pg/mL; susceptible dose-dependent (SDD), 0.25–5 Pg/mL; and resistant
(R), t1 Pg/mL. The dose-dependent category was based
upon therapeutic drug monitoring and an itraconazole plasma
concentration cutoff of 0.5 Pg/mL. For isolates with MICs
0.25–0.5 Pg/mL, 76% of patients with itraconazole levels of
>0.5 Pg/mL responded to therapy while only 50% of those
with serum concentrations of <0.5 Pg/mL received beneﬁt.
However, for isolates with MICs d 0.125 Pg/mL, success
rates were achieved in approximately 80% of patients regardless of itraconazole plasma concentrations.
More recently these principles have been applied for the
development of Candida species breakpoints for voriconazole. Outcomes from 249 patients enrolled in six phase III
voriconazole trials were correlated with the MICs of infecting
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Table 3 Spectrum of activity of antifungal azoles against selected pathogenic fungi

Candida spp.
C. albicans
C. glabrata
C. parapsilosis
C. tropicalis
C. dubliniensis
C. krusei
C. lusitaniae
C. guilliermondii
C. famata
C. rugosa
C. neoformans
B. dermatitidis
H. capsulatum
Coccidioides spp.
S. schenckii
P. brasiliensis
Aspergillus
A. fumigatus
A. ﬂavus
A. niger
A. versicolor
A. terreus
A. nidulans
Fusarium spp.
Rhizopus spp.
Mucor spp.
Rhizomucor spp.
Absidia spp.

Fluconazole
MIC 90% a (Pg/mL)

Itraconazole
MIC 90%a (Pg/mL)

Voriconazole
MIC 90%a (Pg/mL)

Posaconazole
MIC 90%a (Pg/mL)

0.5–2 ++
32– > 128 −/+
2–4 ++
2–4 ++
0.5–32 +
64– > 128 −
2–4 ++
8–32 
16 /+

0.12–0.25 ++
2–8 −/+
0.25–0.5 ++
0.5 ++
0.25–0.5 ++
1 −/+
0.25–2 ++
4 /+
1 /+

0.015–0.06 ++
1–2 −/+
0.06–0.12 ++
0.12–0.25 ++
0.03 ++
0.5–1 ++
0.015–0.06 ++
0.25–0.5 ++
0.12 ++
0.12

0.03–0.06 ++
2–4 −/+
0.12–0.25 ++
0.25 ++
0.06–0.12 ++
0.5–1 ++
0.12–0.25 ++
0.5–1 +
1+
0.25 +

8 ++
4–32 +
2–32 +
2–64 +
>64 −

0.5 ++
0.25–2 ++
0.06–1 ++
0.25–1 ++
0.5–4 ++
0.06 ++

0.12 ++
0.25 ++
0.25–1 ++
0.25–0.5 ++
4–16 −

0.5 ++
0.12 ++
0.25–2 ++
0.25–1 ++
1–2 +
0.12 ++

–
–
–
–
–
–
>64 −
>64 −
>64 −
>64 −
>64 −

0.5–2 +
0.5–1 +
0.5–2 +
2+
0.25–0.5 +
0.25–0.5 +
>8–>16 −
1–32 −/+
>8–32 −
0.02–0.25 −/+
0.25–0.5 +

0.25–0.5 ++
1 ++
1–2 ++
1 ++
0.25–1 ++
8–>8 −
>8–>64 +
8–>64 −
8–>64 −
16–>64 −
>8–>64 −

0.5 ++
0.5 ++
0.5–1 ++
1 ++
0.25 ++
8–32 +
1–8 +
2–16 +
0.016–0.25 ++
0.12–0.25 ++

Cunninghamella spp.
>64 −
0.12–2 +
>64 −/+
0.03–1 +
Apophysomyces spp.
>64 −
0.03–8 −/+
2+
0.03–4 +
Paecilomyces spp.
16–>64 −
4–>8 −
0.25 +
2+
Cladophialophora spp.
16–64 −
0.12–16 −/+
0.25 +
Fonsecaea pedrosoi
16–64 −
0.25 +1–4 +
2+
Pseudallescheria spp.
4–64 −
1–4 +
1–2 +
Scedosporium spp.
S. apiospermum
16–>16 −
2-32-/+
0.25–5 +
1–2 +
S. proliﬁcans
>16 −
>16–>32 −
4−
32 +
Penicillium spp.
–
2+
1–2 +
0.016–1 ++
Bipolaris spp.
–
0.25 +
0.12 ++
Exophilia spp.
–
0.5–1 +
0.5 ++
Phialophora spp.
–
Wangiella spp.
–
0.12 +
Alternaria spp.
–
1+
0.25 ++
Dactylaria sp.
–
0.5 +
Trichoderma sp.
–
>8 −
+, Moderate activity in vitro; ++, excellent activity in vitro, −, no clinical useful activity, −/+, minimal activity in vitro
a
MIC 90% = MIC at which 90% of isolates were inhibited
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Candida isolates [183]. The data supported the following
MIC breakpoints for voriconazole and Candida species: susceptible (S), d1 Pg/mL; susceptible dose–dependent (SDD),
2 Pg/mL; and resistant (R), t4 Pg/mL. When correlated with
clinical outcome, isolates with MICs of >2 Pg/mL were
associated with lower clinical success than isolates with MIC
<1 Pg/mL (43% vs 74%).
Standards for performing susceptibility tests with ﬁlamentous fungi have also been approved (NCCLS document
M38-P), but studies to determine the correlation with clinical
outcomes are ongoing. For a more detailed discussion of
in vitro susceptibility testing of fungi, see Chap. 1.

Drug Resistance
Two types of resistance to azoles have been described.
Primary or “intrinsic” resistance results from the natural
interaction between an organism and the antifungal agent
and is independent of previous drug exposure [184]. The
most notable example of intrinsic resistance involving azoles
is the universal resistance to ﬂuconazole among isolates of
C. krusei. Since primary resistance is usually predictable and
based on fungal species, it rarely presents a problem in
patient management if clinicians are aware of the differences
in susceptibility to the azoles for the organism(s) causing the
infection. The more problematic clinical issue related to secondary resistance is the selection of resistant organisms during azole therapy. The development of resistance can involve
selection of a less susceptible species or the emergence of a
resistant clone within a fungal species. For example, the
emergence of C. krusei or C. glabrata during ﬂuconazole
prophylaxis or therapy for C. albicans is now a well-recognized
example of the former in patients receiving antifungal prophylaxis [185–187]. The second phenomenon is currently
less common, but was more frequent in the pre-HAART era
in HIV-infected patients and continues to be seen occasionally in other immunosuppressed patients after organ transplantation or chemotherapy [187–196]. Increases in the
frequency of isolation of resistant Candida species have been
attributed to both host immune deﬁcits and the extensive use
of triazoles in a speciﬁc institution or local geographic
region. Clinicians should be aware of location-speciﬁc
resistance frequencies when selecting empirical antifungal
therapy.
Extensive laboratory investigation with Candida species
has revealed several mechanisms to explain the azole resistance phenotype [197–206]. Common mechanisms include
alteration or overexpression of the fungal target enzyme
(C-14D demethylase) of azole drugs, extrusion of drug from
fungal cells, and reduction or loss of function of '5,6 desaturase, thereby preventing intracellular accumulation of toxic

14-methoxysterols. Of these mechanisms, extrusion of the
azole via activation of energy-dependent drug-efﬂux pumps
is thought to the most common and clinically relevant. Two
families of multidrug efﬂux pumps have been identiﬁed in
clinical isolates: the major facilitators, which are encoded by
the MDR1 gene, and the ATP-binding cassette transporters
(ABC), which are expressed by CDR1 and CDR2 genes in
Candida species. All azoles are substrates for ABC efﬂux
pumps, but current data suggest that only ﬂuconazole is a
substrate for the major facilitator transport.
With few exceptions, resistance to one drug in the azole
class is predictive of reduced susceptibility to the other drugs
in the class. A study of 157 ﬂuconazole-resistant (MIC
>64 Pg/mL) Candida isolates showed that 71% were also
resistant to itraconazole (MIC >1 Pg/mL) as well [165, 166].
More recently, Pfaller et al. examined azole susceptibility of
over 13,000 Candida strains and identiﬁed a strong correlation between ﬂuconazole resistance and voriconazole resistance (r = 0.93). Although MICs for voriconazole were 16- to
32-fold lower than those for ﬂuconazole, [166] ﬂuconazole
MICs of <32 Pg/mL correlated well with susceptibility to
voriconazole and has been proposed as a surrogate marker
for voriconazole susceptibility. This trend in cross-resistance
is present for all Candida species and azoles with the exception of C. krusei. The majority of ﬂuconazole-resistant
C. krusei strains remain susceptible to voriconazole (98%).
Acquired resistance to itraconazole has been reported in
Aspergillus fumigatus isolates from patients receiving prolonged azole treatment. The most frequently described
mechanisms of resistance for A. fumigatus include various
point mutations in CYP51A, the gene encoding 14-alpha
demethylase [207–210]. Upregulation of efﬂux pumps
(MDR3, MDR4 and atrF) has also been shown to play a role
in itraconazole resistance in vitro [211, 212]. More recently
Aspergillus infections in Europe (up to 10%) with primary
resistance to all second-generation triazoles have been
reported. It is hypothesized that resistance developed in the
environment associated with agricultural antifungal use [213,
214]. The signiﬁcance of these observations in other geographic regions remains unclear.

Adverse Effects
The clinical attractiveness of the antifungal azoles is due in
part to their low potential for serious adverse effects (Table 4),
especially compared with polyene agents (nystatin and
amphotericin B). The most common patient complaints
about azole drugs are directed at the GI tract and consist primarily of anorexia, nausea, vomiting, diarrhea, and abdominal pain [215]. These side effects appear most common with
itraconazole [216].
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Table 4 Adverse effects of currently available antifungal azoles
Fluconazole
Itraconazole
Gastrointestinal
tract
Skin
Liver
Cardiac
Other

Voriconazole

Posaconazole

Anorexia, nausea, vomiting

Anorexia, nausea, vomiting

Anorexia, nausea, vomiting

Anorexia, nausea, vomiting

Rash
Hepatitisa
QT prolongation
Alopecia, teratogenicity

Rash
Hepatitisa
QT prolongation
Hypokalemia, pedal edema,
hypertension, heart
failure, teratogenicity

Rash, photosensitivity
Hepatitisa
QT prolongation
Visual disturbances,
encephalopathy
teratogenicity

Rash
?
QT prolongation

a

Usually asymptomatic elevations of transaminases, but liver failure can occur

Fortunately, rates of discontinuation due to GI side effects
range from only 1–6% when daily dosages are 400 mg or
lower [86, 217]. Another shared adverse effect is the potential of antifungal azoles to cause disturbances in hepatic
function [99, 218]. All available azoles may reversibly
increase transaminase levels; therefore, baseline and periodic
monitoring of hepatic enzymes is warranted in any patient
receiving an azole for more than a few days [1, 219]. Rare
instances of severe, and sometimes fatal, hepatic failure
associated with ketoconazole, ﬂuconazole, itraconazole, and
voriconazole indicate practitioners should be more vigilant
in monitoring hepatic function in patients receiving these
agents [220]. A third common side effect of the azoles is
development of a generalized erythematous rash, with or
without pruritus [221]. More severe cutaneous reactions,
such as Stevens-Johnson syndrome and toxic epidermal
necrolysis, have been associated with voriconazole and ﬂuconazole, typically in patients with serious underlying disease who are also receiving other medications. Voriconazole
has also been associated with photosensitivity-induced erythema/desquamation of exposed skin and blistering of lips.
Therefore, patients should be instructed to avoid strong,
direct sunlight while receiving voriconazole. Rarely, cardiac
events, including prolongation of the QT interval, have been
reported, usually in the setting of another interacting drug
[116, 117, 222]. Finally, the triazole class should be avoided
in pregnant and nursing mothers due to the risk of teratogenicity. Case reports have linked ﬂuconazole exposure during
pregnancy to congenital birth defects [223]. Reports of
infants included description of craniofacial, skeletal, and cardiac anomalies following ﬂuconazole administration to
mothers being treated for coccidioidomycosis. Similar ﬁndings have been reported with the other triazoles in animal
studies. The triazole class is an FDA pregnancy category C
and should not be given to a pregnant woman unless the
potential beneﬁt justiﬁes the risk.
In addition to these common, shared adverse effects, each
of the commercially available azoles is associated with
unique reactions that merit physician awareness. Most notable
among these are: endocrine disturbances secondary to

ketoconazole, reversible alopecia with ﬂuconazole, negative
inotropic effects leading rarely to congestive heart failure
associated with itraconazole, and reversible neurologic
symptoms ascribed to high serum concentrations of voriconazole [221, 224–227]. All of these effects are dose-related
and are usually reversible after discontinuation of the azole.
For most practitioners, the most likely unique azole-speciﬁc
side effect that will be encountered in clinical practice is
visual disturbance with voriconazole [2]. Approximately
30% of subjects receiving this azole experience altered visual
perception, blurred vision, and/or photopsia. Fortunately,
these effects are mild, transient, and appear to be fully reversible after discontinuation of therapy. Onset is commonly
within 30 min after administration, and duration is typically
30 min or less [221]. Patients receiving voriconazole should
be warned about these visual effects and the potential hazards of driving or operating equipment. The mechanism of
this voriconazole-associated visual disturbance is unknown;
no permanent sequelae have been reported.

Clinical Indications
Candidiasis
For an in-depth discussion of the treatment approaches,
including use of azole drugs, for the various Candida syndromes, see Chap. 11, Candidiasis.
The advent of the AIDS epidemic in the early 1980s brought
new focus to the management of oropharyngeal candidiasis
(OPC). Physicians quickly recognized that many patients with
OPC failed therapy with topical agents, including nystatin
swish and swallow, clotrimazole troches, and oral amphotericin B [228, 229]. Consequently, much attention shifted to
evaluation of the efﬁcacy and safety of oral azoles, especially
ﬂuconazole and itraconazole, for treatment of OPC.
Numerous treatment trials have investigated the efﬁcacy
of ﬂuconazole for treatment of these infections. Fluconazole
has been shown to be effective for treatment of mucosal

Azoles

candidiasis in HIV-infected patients in randomized studies.
A comparative trial involving 334 HIV-positive patients with
oral candidiasis observed similar efﬁcacy for ﬂuconazole
(100 mg daily for 14 days) and clotrimazole (10 mg 5 times
daily). Clinical success rates of >90% were documented for
both treatment groups, but ﬂuconazole was more successful
in mycologic eradication (65% vs 48%) and provided longer
relief of symptoms [229]. Another study compared ﬂuconazole (3 mg/kg PO daily) to combination therapy with itraconazole (3 mg/kg PO daily) and ﬂucytosine (100 mg/kg PO
daily) for treatment of esophageal candidiasis in 85 HIVinfected patients [230]. This double-blind, placebo-controlled trial found ﬂuconazole to be as effective as combination
therapy [230].
Additional studies have shown that the clinical responses
of OPC are excellent for all of the triazoles [17, 228, 231–
233]. Several multicenter, randomized trials have compared
the efﬁcacy of ﬂuconazole and itraconazole oral solution for
the treatment of oral and esophageal candidiasis in immunosuppressed patients [233–235]. For the most part, itraconazole does not offer signiﬁcant advantage over ﬂuconazole
for uncomplicated disease, but has been shown to be useful
in ﬂuconazole-refractory cases [232, 236]. Among itraconazole trials, higher success rates have been observed for the
itraconazole oral solution than itraconazole capsules [233,
234, 237, 238].
In the mid 1990s, concerns developed about the emergence of Candida species, particularly C. albicans, that were
resistant to the azole drugs, especially ﬂuconazole, in patients
with low CD4 cell counts (<100/PL) and those receiving
prolonged courses of azoles [191–193]. In such patients with
recurrent or ﬂuconazole-resistant OPC, alternative treatment
strategies have evolved, including high-dose ﬂuconazole
(400–800 mg daily); switching to another azole, e.g., itraconazole oral solution, [236] voriconazole, [239] or posaconazole [231]; or switching to another class of drug, e.g., a
polyene or an echinocandin. The most commonly recommended alternative is itraconazole solution. To date, the incidence of ﬂuconazole-resistant Candida species causing OPC
appears to have leveled off in the 5% range. Fluconazole is
approved by the FDA for treatment of oral and esophageal
candidiasis. The current 2009 Infectious Diseases Society of
America (IDSA) guidelines recommend ﬂuconazole as ﬁrstline therapy for treatment of esophageal candidiasis and
moderate-to-severe cases of OPC [15]. For patients with
recurrent disease requiring suppressive therapy, ﬂuconazole
(200 mg 3×/week) is the regimen of choice. Fluconazole is
also recommended for treatment of chronic mucocutaneous
candidiasis.
Esophageal candidiasis, regardless of the host, cannot be
successfully treated with a topical agent, such as nystatin or
clotrimazole. The efﬁcacy of each of the available triazoles
has been examined in randomized trials and has demonstrated
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equivalent efﬁcacy. The drug of initial choice for esophageal
candidiasis remains ﬂuconazole based on the rationale used
in OPC drug choice. The recommended doses are ﬂuconazole tablet or suspension, 100–400 mg/day for 14–21 days
[234, 240, 241]. Itraconazole solution, voriconazole, and
posaconazole are typically reserved for ﬂuconazole refractory disease [242–244]. For example, in a open-label trial
enrolling 100 HIV-infected patients with OPC or esophageal
candidiasis refractory to previous azole therapy, posaconazole (400 mg twice daily for 3 months) was successful in
86% of patients [242]. In those few patients who fail azole
therapy, treatment with intravenous amphotericin B or an
echinocandin is warranted.
Topical azole drugs, such as clotrimazole or miconazole,
or nonazole topical agents, such as nystatin or boric acid,
have long been associated with high rates of success as therapy for Candida vaginitis, especially in immunocompetent
patients with infrequent episodes. However, these topical
agents are messy, inconvenient to use, and not always effective. Increasingly, women are utilizing short-course, oral
azole therapy for treatment of Candida vaginitis. Oral ﬂuconazole and itraconazole are both highly effective [245–
247]. The 2009 IDSA guidelines recommend either oral
ﬂuconazole or topical agents as ﬁrst-line agents for treatment of uncomplicated vaginal candidiasis in nonpregnant
women [15]. Single-dose ﬂuconazole (150 mg) has been
shown effective for >80% of patients with uncomplicated
vaginal candidiasis. Comparable efﬁcacy has also been
demonstrated for itraconazole. A meta-analysis examined
comparative trials of the efﬁcacy and safety of itraconazole
and ﬂuconazole for the treatment of uncomplicated acute
vaginal and vulvovaginal candidiasis. Data from six randomized trials, including a total of 1,092 nonpregnant
women, found no difference in clinical or mycologic cure or
adverse events [248].
For complicated vulvovaginal candidiasis, based on severity of symptoms or in an immunocompromised host, a regimen of ﬂuconazole, 150 mg every 72 h for three doses, has
been shown to be superior to single-dose therapy [249]. A
multiple-dose regimen is also recommended for patients
infected with C. glabrata. For patients with recurring disease
(>4 episodes in 1 year), 10–14 days of induction therapy
with a topical or oral azole, followed by ﬂuconazole 150 mg
weekly for 6–12 months has been shown to be effective
[250]. A placebo-controlled, randomized trial examined the
efﬁcacy of ﬂuconazole, 150 mg weekly, for preventing
relapse in 387 patients with recurrent vaginal candidiasis.
Signiﬁcantly more patients receiving weekly ﬂuconazole
remained disease-free at 6, 9, and 12 months (91%, 73%, and
43%) compared to placebo-treated patients (36%, 28%, and
22%). Weekly ﬂuconazole therapy was safe and did not
appear to promote emergence of less susceptible Candida
species.
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Asymptomatic colonization of the bladder by Candida
species in a patient with an indwelling Foley catheter is common but rarely requires treatment [251]. In such a patient,
treatment will not typically eradicate Candida from the bladder as long as the catheter remains in place. Within a few
days after stopping therapy, the urine will again become colonized with Candida [252]. For those occasional patients
who have symptomatic Candida cystitis and no indwelling
catheter, ﬂuconazole is the azole of choice and an effective
therapy, owing to the high concentration of active drug in the
urine [253, 254] (Table 1). Most recent guidelines recommend treatment of asymptomatic candiduria in patients at
high risk for developing invasive infection, including neutropenic patients, low-birth-weight neonates, and patients
undergoing urologic procedures [15].
Candida onychomycosis, a less frequent occurrence than
dermatophyte onychomycosis and frequently associated with
Candida paronychia, is most effectively treated with an oral
azole, either itraconazole or ﬂuconazole. Most patients are
treated with itraconazole, utilizing a so-called “pulse regimen,” 1 week per month for 3 months or a daily regimen for
3 months [56, 255, 256]. Fluconazole is also administered in
a variant of the itraconazole pulse regimen [257, 258]. Both
drugs are associated with remission rates in the 60% range
and both are well tolerated. Griseofulvin, frequently used in
the past to treat dermatophyte onychomycosis, is not active
in vitro against Candida species.
Among the various forms of systemic or invasive candidiasis, the syndrome of candidemia is the most common and
lends itself to comparative clinical trials for evaluation of
management strategies. In several trials, amphotericin B and
ﬂuconazole were the two comparators. Three of the trials
were randomized multicenter studies in nonneutropenic
patients; among these, two were nonblinded [259, 260] and
one was blinded [261]. The fourth study was a prospective
observational trial in nonneutropenic patients, [262] and the
ﬁfth study was a matched cohort trial in cancer patients
(including a few patients with neutropenia) [263].
Several important ﬁndings emerged from these trials.
First, in all trials ﬂuconazole was associated with less toxicity than amphotericin B, irrespective of the different doses of
study drugs. Second, the success rates were comparable in
the two randomized trials that used similar doses of ﬂuconazole, 400 mg/day, and amphotericin B, 0.5–0.6 mg/day
[259, 260] and in the matched cohort study [263]. Third, signiﬁcant differences were observed in two measures of outcome only in the blinded trial, which compared combination
amphotericin B and high-dose ﬂuconazole, 800 mg/day, to
high-dose ﬂuconazole alone, with success rates of 69% and
56%, respectively, and persistent candidemia rates of 6% and
17%, respectively [261]. The 6% rate of persistent candidemia for the combination treatment arm was lower than the
rates of persistent candidemia for all treatment arms in the
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prior studies. Also of note in this study, the baseline APACHE
II scores were higher in the ﬂuconazole alone treatment
group. While the mortality rates in both treatment groups
were similar, the toxicity rate was signiﬁcantly higher in the
combination treatment arm. Fourth, in this same study, the
combination of amphotericin B and ﬂuconazole was not
microbiologically antagonistic compared to ﬂuconazole
alone. Fifth, in all studies, removal of vascular catheters
reduced time to clearance of the candidemia [264].
The collective results of these ﬁve trials establish that ﬂuconazole and amphotericin B are equally effective therapies
for candidemia, especially in nonneutropenic patients, and
ﬂuconazole is better tolerated and less toxic than amphotericin B. Combination ﬂuconazole and amphotericin B may
have a role in selected patients with candidemia, e.g., critically ill and neutropenic patients.
Fluconazole has been compared to the echinocandin anidulafungin for treatment of invasive candidiasis. Anidulafungin
was found to be at least as effective as ﬂuconazole for treatment of invasive candidiasis [265]. Success rates after
10 days of therapy were 76% for anidulafungin (200 mg IV
on day 1, then 100 mg IV daily) and 60% for ﬂuconazole
(800 mg IV on day 1, then 400 mg IV daily). At 6-week follow-up, success rates (ﬂuconazole 44%, anidulafungin 56%)
and mortality rates (ﬂuconazole 31%, anidulafungin 23%)
did not differ signiﬁcantly between the two groups. The efﬁcacy of other FDA-approved echinocandins, caspofungin
and micafungin, have also been demonstrated efﬁcacious in
treatment of candidemia, but were not compared to a triazole
regimen.
Voriconazole has also been studied in the setting of candidemia [266]. In a randomized, multicenter trial, voriconazole
was compared to a regimen of amphotericin B followed by
ﬂuconazole for treatment of invasive candidiasis. Twelve
weeks after the end of therapy, successful clinical outcome
was observed for 41% of patients in each group, and voriconazole met noninferiority criteria. Median time to blood culture negativity and mortality were also similar between the
two study groups.
Fluconazole (400 mg daily oral or IV) is recommended
by the 2009 IDSA treatment guidelines as an initial therapy
option for invasive candidiasis with the exception of patients
who are critically ill, neutropenic, or at risk for ﬂuconazoleresistant isolates due to recent azole exposure [15]. Patients
in these high-risk cohorts should receive an echinocandin or
an amphotericin B formulation as initial therapy. The basis
for these recommendations includes lack of study in neutropenic patients, theoretical concern about use of an inhibitory
compared to a fungicidal drug in severe illness, and reduced
activity against Candida species, such as C. glabrata and
C. krusei, which has been observed in some cohorts following
ﬂuconazole prophylaxis. Fluconazole is also commonly used
to transition to oral therapy following initial echinocandin or
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amphotericin therapy if the isolate is susceptible and the
patient is clinically stable. The role of voriconazole for candidemia has not been clearly deﬁned but appears to be limited to step-down therapy for the small subset of C. glabrata
that are resistant to ﬂuconazole but susceptible to voriconazole or for C. krusei. Itraconazole and posaconazole have
not been similarly studied and at this time appear to have a
limited role for invasive candidiasis.
Fluconazole and voriconazole have been used successfully for other forms of systemic or invasive candidiasis,
including endophthalmitis, peritonitis, bone/joint disease,
hepatosplenic disease, renal parenchymal disease, and
endocarditis.

Cryptococcosis
Azole drugs have greatly impacted the management of cryptococcosis over the past several years. While amphotericin B
and ﬂucytosine remain key drugs for this disease, ﬂuconazole and, to a lesser extent, itraconazole, have a deﬁnite
role, especially in the management of AIDS-associated cryptococcosis. Cryptococcal meningitis is the most common
form of fungal meningitis in both normal and immunocompromised hosts. Moreover, ﬂuconazole is the most attractive
of the available azoles for therapy of fungal meningitis
because of its excellent penetration into the CSF (Table1).
Although the measurable concentrations in CSF of itraconazole are low, this drug does show moderate efﬁcacy in treatment of cryptococcal meningitis [89, 267].
Fluconazole and itraconazole have been used as treatment
approaches for different clinical manifestations of cryptococcosis; however, most of the experience has been in therapy of cryptococcal meningitis. Many authorities agree that
optimal primary therapy consists of two parts: an induction
regimen for 2–3 weeks with combination amphotericin B
and ﬂucytosine, followed by a consolidation regimen for
8–10 weeks with an azole, preferably ﬂuconazole [268]. The
deﬁnitive study in AIDS patients of this treatment approach
showed the following: (1) after 2 weeks of induction therapy,
CSF cultures were negative in 60% of patients who received
the combination regimen versus 51% of patients who
received amphotericin B alone (p = 0.06); (2) at the conclusion of the 10-week induction/consolidation treatment
regimen, clinical responses were similar – 68% in the ﬂuconazole-treated patients and 70% in the itraconazole-treated
patients; (3) CSF cultures were negative in 72% of patients
in the ﬂuconazole group, and 60% of the itraconazole group
[269]. Although this important study was performed in
AIDS patients, the results have been extrapolated to the
management of cryptococcal meningitis in non-AIDS
patients.
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Fluconazole has also been explored in primary therapy of
cryptococcal meningitis in a randomized comparison with
amphotericin B [270]. Microbiologic success was not signiﬁcantly different for patients receiving ﬂuconazole (34%)
and those treated with amphotericin B (40%). However, the
mortality rate within the ﬁrst 2 weeks was higher in the ﬂuconazole treatment group (15% vs 8%). In addition, the
median length of time for CSF clearance was longer in
patients receiving ﬂuconazole (64 vs 42 days). Considering
the trend of increased risk of early death and increased time
for CSF sterilization in ﬂuconazole-treated patients, amphotericin B is recommended for most serious infections.
More recently, the combination of ﬂuconazole and amphotericin B therapy has been investigated for induction therapy
in HIV-associated cryptococcal meningitis [271]. Patients
were randomized to amphotericin B (0.7 mg/kg), amphotericin B plus ﬂuconazole (400 mg/day), or amphotericin B and
high-dose ﬂuconazole (800 mg/day). The combinations were
found to be safe and antagonism was not observed. The highdose combination was more effective at the early treatment
end point (14 days), and a difference in favor of this combination was similarly observed at later study periods (42 and
72 days). The results are encouraging and suggest a possible
role for the combination of amphotericin B and high-dose
ﬂuconazole. This induction regimen may be particularly useful in developing countries where ﬂucytosine and toxicity
monitoring availability are limited.
The potential role of voriconazole in the treatment of
refractory cryptococcosis has been limited to open-label,
salvage trials [272]. Of the 18 patients in one trial with refractory cryptococcosis, 39% responded to voriconazole
treatment. Study with posaconazole has been limited to animal model investigation.
Another important indication for ﬂuconazole relates to
maintenance therapy in AIDS patients with cryptococcal
meningitis. Once primary therapy is completed and successful, maintenance therapy is required to prevent relapse, which
occurs in approximately 15% of patients [273]. Two large
randomized trials demonstrated the efﬁcacy of ﬂuconazole in
this setting. An initial trial compared oral ﬂuconazole, 200 mg
daily, to intravenous amphotericin B, 1 mg/kg/week. The
relapse rate in the ﬂuconazole-treated group was only 2%
versus 18% in the amphotericin B–treated group [274]. A
subsequent trial compared two azoles, ﬂuconazole, 200 mg
daily, versus itraconazole, 200 mg daily. Again ﬂuconazole
was superior, showing a 4% relapse rate compared with a
23% relapse rate in the itraconazole group [275]. Accordingly,
ﬂuconazole is the recommended maintenance therapy in
AIDS patients who have successfully completed primary
therapy for cryptococcal meningitis [268]. Recent evidence
supports discontinuation of maintenance therapy in patients
who have no symptoms of cryptococcosis and have achieved
immune reconstitution with HAART therapy [276].
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Azole therapy, especially ﬂuconazole, has also been
utilized for nonmeningeal forms of cryptococcosis, including
pulmonary disease, bone disease, skin disease, and isolated
cryptococcemia, in AIDS and non-AIDS patients [89, 277,
278]. For a more detailed discussion about azole therapy of
cryptococcosis, the reader is referred to the 2010 IDSA consensus guidelines [268]. These guidelines recommend ﬂuconazole for treatment of mild-to-moderate pulmonary
disease (200–400 mg daily for 6–12 months). For HIVpositive patients and other immunocompromised patients,
ﬂuconazole may also be administered for life-long suppression or for the duration of immunosuppression at a dose of
200–400 mg daily.

Endemic Mycoses (Blastomycosis,
Coccidioidomycosis, Histoplasmosis,
Penicilliosis, Paracoccidioidomycosis,
and Sporotrichosis)
The endemic mycoses, as a rule, tend to be indolent illnesses.
However, each can cause life-threatening meningitis and disseminated disease. In addition, these same endemic mycoses
are opportunistic in nature and associated with more serious
disease in immunocompromised hosts, such as HIV/AIDS
patients, transplant recipients, and those receiving corticosteroid therapy. Since the introduction of ketoconazole in
1981, the older oral antifungal azoles have played an important role in the therapy of the endemic mycoses. For those
patients with serious life-threatening endemic fungal diseases, amphotericin B formulation is usually given as an initial therapy; after the patient is stabilized, an azole drug is
usually employed. Here, data on azole treatment of each
mycosis are summarized brieﬂy.
Both ketoconazole and itraconazole are highly effective in
the majority of patients with blastomycosis. Early on, several
studies established the efﬁcacy (70–100%) and relative safety
of ketoconazole [279, 280]. Subsequently, a large open-label
study demonstrated similar efﬁcacy (90–95% of patients) with
itraconazole and fewer adverse events compared with ketoconazole. The dose of itraconazole is lower, 200–400 mg
daily, compared to ketoconazole, 400–800 mg daily.
Fluconazole is less active in vitro against Blastomyces dermatitidis. Several open-label trials have investigated the utility of
ﬂuconazole for treatment of blastomycosis. While the results
demonstrated efﬁcacy, the rate of response was lower than that
observed in similar studies with itraconazole and higher daily
doses of ﬂuconazole (400–800 mg/day) were required for efﬁcacy [281, 282]. Voriconazole, the newest triazole, is active
in vitro [156] and in animals, but use of this drug has been
limited to case series. However, reported successes from these
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observations were encouraging and suggest a potential role
for voriconazole in patients intolerant of itraconazole [283].
The 2008 IDSA guidelines recommend amphotericin B and
itraconazole as ﬁrst-line agents for treatment of blastomycosis, depending on the severity of the infection [284]. This
change was not made as requested on ﬁrst edit [280, 284].
Over the years, coccidioidomycosis has been considered
one of the most difﬁcult to treat systemic mycoses. Formerly,
intravenous amphotericin B was the mainstay of therapy.
Nowadays, itraconazole and ﬂuconazole are the principal
antifungal drugs for this disease, owing in large part to their
efﬁcacy, ease of administration by either the oral or intravenous routes, and relatively low toxicity proﬁles [285–289]
when compared to amphotericin B.
A large, comparative trial of itraconazole and ﬂuconazole
in patients with progressive, nonmeningeal coccidioidomycosis conﬁrmed the efﬁcacy of these drugs [219]. Cure or
improvement was achieved in 63% (61/97) of itraconazole
recipients and in 50% (47/94) of ﬂuconazole recipients
(absolute difference, 13%, 95% CI, –2 to 28). In addition,
itraconazole tended to be more effective in patients with coccidioidal skeletal disease. Both drugs were well tolerated.
Serious adverse events occurred in 6% of itraconazole
patients and 8% of ﬂuconazole patients. While initial studies
with oral ketoconazole demonstrated moderate efﬁcacy, the
high daily doses (400–800 mg) to achieve efﬁcacy were
poorly tolerated [290, 291]. In addition, ketoconazole,
because of its poor penetration into CSF, is not recommended
for coccidioidal meningitis [292]. Voriconazole has good
in vitro activity against C. immitis [156] and good penetration into CSF, but there is minimal clinical experience with
this newer triazole drug in coccidioidomycosis. However,
the utility of posaconazole for treatment of chronic coccidioidomycosis has been recently explored in two open-label
trials [293, 294]. One trial enrolled 20 patients with nonmeningeal disseminated or chronic pulmonary coccidioidomycosis to receive 400 or 800 mg of posaconazole daily [294]. At
24 weeks, 85% of patients received beneﬁt, and the drug was
well tolerated with a median duration of therapy of 173 days.
A similar trial investigated the utility of posaconazole
(400 mg BID) in a small group of patients with chronic pulmonary or disseminated coccidioidomycosis refractory to
conventional therapy [293]. After 1 month of therapy, 73%
of patients experienced a partial or complete clinical response.
IDSA consensus guidelines emphasize the important role of
the antifungal azoles in the management of coccidioidomycosis and indicate that both itraconazole and ﬂuconazole provide attractive options as initial therapy for most patients
with this disease [295–297]. Fluconazole is the treatment of
choice for patients with coccidioidal meningitis and must be
continued for life in most patients [288, 296, 297].
Azole drugs have also signiﬁcantly altered the approach
to therapy of histoplasmosis. Formerly, amphotericin B was
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the treatment of choice for this disease, with clinical response
rates ranging from 57% to 100% in patients with chronic
pulmonary disease and 71–88% in patients with disseminated disease. However, amphotericin B was poorly tolerated. Ketoconazole was the ﬁrst azole drug to prove effective
in patients with both forms of histoplasmosis, but relapse
rates were high and drug-associated toxicity was problematic [298, 299]. Later studies with itraconazole established
this azole as the treatment of choice, initially in non-HIVinfected patients and subsequently in AIDS patients with
disseminated histoplasmosis [279, 300–304]. Itraconazole is
clearly more effective than ketoconazole in AIDS-associated
histoplasmosis. Utilizing a regimen of a loading dose of
600 mg daily for 3 days, followed by a daily dose of 400 mg,
itraconazole was effective in 85% (50 of 59) of patients with
AIDS-associated indolent disseminated disease [303]. In a
second study, maintenance therapy with itraconazole,
200 mg daily, prevented relapse of histoplasmosis in 85% of
AIDS patients [304]. Fluconazole is a less effective therapy
for histoplasmosis than either ketoconazole or itraconazole,
[305, 306] as is the case with blastomycosis and coccidioidomycosis. Voriconazole and posaconazole show good
in vitro activity against H. capsulatum, [156] but limited
data from human studies are available. Small numbers of
patients with pulmonary or disseminated histoplasmosis
refractory or intolerant to conventional therapy have been
treated with either posaconazole, 800 mg daily, or voriconazole, 200 mg twice daily, as salvage therapy [283, 307].
Most patients were intolerant of amphotericin B due to elevated creatinine or electrolyte disturbance. Both new triazoles were well tolerated, and treatment success was observed
in the majority of patients.
Consensus 2007 guidelines by the IDSA indicate that itraconazole remains the ﬁrst choice of therapy for the majority
of non-AIDS patients with chronic indolent forms of histoplasmosis; ketoconazole is an acceptable alternative and less
expensive [308]. For most AIDS patients with disseminated
histoplasmosis, itraconazole is the drug of choice for both
primary and maintenance therapy. For patients with serious
life-threatening pulmonary or disseminated histoplasmosis,
a lipid formulation of amphotericin B is the preferred initial
treatment.
The therapy of paracoccidioidomycosis, which is highly
endemic in selected areas of Mexico and Central and South
America, has also beneﬁted from the advent of azole drugs.
For years, sulfonamides and amphotericin B were the mainstays of treatment for this chronic, multiorgan mycosis.
Studies with ketoconazole, 200–400 mg daily, showed high
efﬁcacy rates, 85–95%, but prolonged duration of therapy
was required [298, 309]. Subsequent studies with itraconazole, 50–100 mg daily, showed even higher efﬁcacy rates,
90–95%, with duration of therapy in the 6-month range
[302, 310]. Both drugs, at the doses employed, are generally
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well tolerated. Limited data suggest that ﬂuconazole might
be effective [287].
In vitro activity of voriconazole against P. brasiliensis has
been shown, but limited clinical experience in humans has
been reported. One open-label randomized comparative
study of 53 patients found voriconazole as effective as itraconazole. Complete or partial response was observed in 87%
of patients receiving voriconazole 200 mg twice daily and
94% of those treated with itraconazole 100 mg twice daily
[311]. Authorities agree that itraconazole is the azole drug of
choice for paracoccidioidomycosis on the basis of its superior efﬁcacy, low daily dose, low frequency of adverse events,
and relatively short duration of therapy [312].
Itraconazole has replaced saturated solution of potassium
iodide (SSKI) as the drug of choice for lymphocutaneous
sporotrichosis [313]. Several open-label trials have shown
superior efﬁcacy of itraconazole, 100–200 mg daily for
3–6 months with response rates ranging from 80% to 100%
in various disease forms, and fewer side effects of this azole
compared with SSKI [314–316]. Previous experiences with
ketoconazole as treatment for sporotrichosis were disappointing [299, 317]. Similarly, ﬂuconazole at high doses,
400–800 mg daily, was only moderately effective [287, 318].
Itraconazole is recommended in the 2007 IDSA guidelines
for treatment of sprorotrichosis [319]. For cutaneous and
lymphocutaneous disease, therapy with 200 mg daily should
be given for at least 2–4 weeks after all lesions have resolved,
which is usually for a total of 3–6 months. Higher doses
(200 mg twice daily) can be used if the patient does not
respond to lower doses. For patients with osteoarticular and
pulmonary sporotrichosis, the higher dose itraconazole,
200 mg twice daily, is recommended for at least 12 months.
Although itraconazole has become the treatment of choice
for most patients with sporotrichosis, primary therapy with
amphotericin B should be initiated in those rare patients with
disseminated or severe pulmonary sporotrichosis [313].
Finally, recent studies have demonstrated the efﬁcacy of
azole therapy, namely itraconazole, for patients with disseminated penicilliosis. This opportunistic mycosis, which is
endemic in Southeast Asia, especially northern Thailand, has
been a signiﬁcant cause of morbidity and mortality in HIV/
AIDS patients in that geographic area. While both amphotericin B and itraconazole have been utilized as primary
therapy of penicilliosis in these patients, data indicate that
combination therapy with amphotericin B and itraconazole
is more effective primary therapy than either drug alone
[320]. After completion of successful primary therapy, maintenance therapy is required and itraconazole (200 mg/day),
the drug of choice, is associated with a very low rate of
relapse [321]. Moreover, in Thailand, where the incidences
of penicilliosis, cryptococcosis and histoplasmosis are
high, primary prophylaxis with itraconazole is signiﬁcantly
effective [322].
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No large clinical trials have evaluated ketoconazole and
ﬂuconazole as therapy or prevention of penicilliosis. An
open-label salvage trial of voriconazole was conducted in 11
HIV-positive patients with systemic Penicillium marneffei
infections [272, 323]. Two patients discontinued therapy prematurely due to adverse events. Of the 9 remaining patients,
8 patients received benefit from voriconazole, including
5 patients who responded completely to therapy. This relatively high response rate suggests that the role of voriconazole in treatment of refractory P. marneffei infections should
be further explored.

Mould Diseases
Moulds have emerged as an important group of pathogens in
compromised hosts, especially heart and lung transplant
recipients, AIDS patients, and patients with neutropenia secondary to chemotherapy or bone marrow transplantation.
Whereas Aspergillus species remain the most common
opportunistic mould organisms, other opportunistic moulds
are increasingly recognized, including Fusarium species,
Scedosporium apiospermum, the asexual form of
Pseudallescheria boydii, Scedosporium proliﬁcans,
Zygomycetes, and dematiaceous fungi such as Alternaria
species, Bipolaris species, and Cladophialophora species.
Among the older azoles, only itraconazole exhibits moderately good in vitro activity against Aspergillus species, F.
solani, S. apiospermum, and some dematiaceous fungi
(Table 3). By contrast, the newer triazoles have more promising in vitro activity against these same mould organisms. Of
note, neither itraconazole nor voriconazole show signiﬁcant
activity against Zygomycetes. However, posaconazole has
activity against several Zygomycetes.
Invasive aspergillosis is notoriously refractory to treatment, especially in the face of persistent immunocompromise, such as persistent neutropenia or prolonged high-dose
corticosteroid therapy. Until fairly recently, the standard
therapy for invasive aspergillosis has been amphotericin B
deoxycholate, although responses are suboptimal (less than
40%) [324] and toxicity is common at the doses required for
efﬁcacy. Less toxic treatment approaches were developed
including lipid formulations of amphotericin B and itraconazole (both oral and intravenous formulations) without signiﬁcant improvement in outcome. Several studies have
evaluated itraconazole therapy of invasive aspergillosis and
reported cure/improvement rates ranging from 39% to 63%
[325–327]. However, several problems with itraconazole are
encountered, including patient intolerance of the drug, inadequate absorption of the oral capsules, and signiﬁcant itraconazole–drug interactions. The current IDSA guidelines
recommend itraconazole as salvage therapy in patients
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refractory to or intolerant of voriconazole and amphotericin
B formulations [324]. In addition, some authorities have
advocated itraconazole as a consolidation regimen following
initial therapy with amphotericin B.
Current ﬁrst-line therapy is based on results of a randomized multicenter trial that compared voriconazole versus
amphotericin B as primary therapy of invasive aspergillosis
[328]. Successful outcomes (complete or partial responses)
were noted in 53% of the voriconazole group and 32% of the
amphotericin B group (absolute difference 21%, 95% CI,
10.4–32.9). The survival rate was also higher in the voriconazole group, 71% versus 58%, and voriconazole-treated
patients had signiﬁcantly fewer severe drug-related adverse
events. An earlier open, noncomparative multicenter trial of
voriconazole therapy for invasive aspergillosis in immunocompromised patients showed similarly good outcomes
[329]. Taken together, the results of these two studies were
extremely encouraging and suggest that voriconazole should
replace amphotericin B as the “gold standard” therapy for
invasive aspergillosis. The recently published IDSA guidelines recommend voriconazole as the ﬁrst-line choice for the
primary treatment of invasive aspergillosis [324].
Fewer data are available examining the utility of posaconazole for invasive aspergillosis; however, the results are
promising. Two open-label salvage trials in patients with
invasive aspergillosis observed response rates of 40–42% in
patients failing other antifungal therapy [81, 330]; however,
posaconazole has not been directly compared to other agents
as primary therapy for aspergillosis. Based on available trial
data, posaconazole was approved by the EMEA as salvage
therapy for patients with invasive aspergillosis who are
refractory to amphotericin B or itraconazole.
Another promising approach to treatment of invasive
aspergillosis is to combine a new triazole and an echinocandin. Numerous in vitro and in animal models demonstrate
enhanced efﬁcacy with a variety of antifungal combinations
[331, 332]. Several case–control studies suggest the utility of
the combination concept. A retrospective review of 47
patients who had failed amphotericin B as primary therapy
of aspergillosis examined the response to salvage therapy
with either voriconazole alone or voriconazole and caspofungin in combination [333]. Kaplan-Meier analysis identiﬁed higher overall survival rates 3 months after diagnosis in
patients who had received combination therapy with voriconazole and caspofungin. A prospective, randomized clinical
trial of a combination of voriconazole and anidulafungin is
underway.
With regard to azole therapy of non-Aspergillus mould
diseases, experience until recently has been primarily with
itraconazole. This older triazole has mainly been used to
treat phaeohyphomycosis [334, 335] and scedosporiosis
[336]. However, no large trials have been performed, reports
consist of only one to a few cases, and only moderate success
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has been observed. Given the promising in vitro activity of
voriconazole against many non-Aspergillus moulds, this new
triazole has been given to a number of patients on a compassionate basis, and encouraging results have been noted. One
multicenter, open-label trial examined the efﬁcacy of voriconazole in the treatment of 273 patients with emerging or
refractory fungal infections [272]. Of the 11 patients with
fusariosis, 5 patients had complete or partial response. Of the
10 patients with scedosporiosis, 3 patients received beneﬁt
from voriconazole. A second salvage trial in pediatric patients
with these emerging mould infections suggested similar efﬁcacy [20]. These results are encouraging considering that
patients with fusariosis and scedosporiosis generally respond
poorly to treatment with amphotericin B and the diseases are
associated with high mortality rates. However, among
Scedosporium species, activity appears limited to S. apiospermum, with reduced activity against S. proliﬁcans, for which
there are very limited treatment options. These ﬁndings led
to FDA approval of voriconazole for the treatment of
Scedosporium species and Fusarium species in patients with
intolerance of other antifungal therapy or refractory disease.
Posaconazole has also been examined in open-label series
for emerging mould infections. In a retrospective analysis of
three open-label trials for fusariosis, 21 patients refractory to
or intolerant of at least 7 days of conventional therapy
received posaconazole as salvage therapy [337]; 48% of
patients experienced a complete or partial response. Two
additional open-label trials studied posaconazole in patients
with zygomycosis, refractory to or intolerant of conventional
therapy with remarkable success rates of 60% and 80%,
respectively [338, 339]. Posaconazole has joined amphotericin B as the sole treatment option for the Zygomycetes group
of fungi.

Febrile Neutropenia
Both itraconazole and voriconazole have been evaluated as
empirical therapy in persistently febrile neutropenic patients,
a population at high risk for invasive mould diseases. Both
triazoles were compared to polyene therapy and found to be
similarly effective. In the itraconazole open-label trial against
amphotericin B there were no differences in breakthrough
fungal infections or mortality rates. However, itraconazole
was associated with fewer adverse effects than amphotericin
B [340]. Voriconazole was compared to liposomal amphotericin B [341]. The composite success rates were 26% for the
voriconazole-treated patients and 31% for the liposomal
amphotericin B–treated patients (95% CI for difference in
percentages –10.6% to 1.6%). Voriconazole patients experienced fewer breakthrough invasive fungal infections, fewer
infusion-related reactions, and less nephrotoxicity. These

results led the investigators to conclude that voriconazole is
a suitable alternative to amphotericin B formulations for
empirical antifungal therapy in persistently neutropenic
patients.

Prophylaxis and Empirical Therapy
Azole drugs have been used extensively as prophylaxis in
various non-AIDS patient population groups at risk for systemic fungal diseases. These groups include neutropenic
patients, bone marrow transplant recipients, selected solid
organ (e.g., liver and lung) transplant recipients, and intensive care unit patients.
Fluconazole is recommended by the IDSA for antifungal
prophylaxis in bone marrow transplant recipients with neutropenia and patients with chemotherapy-induced neutropenia [15]. The efﬁcacy of ﬂuconazole for prophylaxis of
invasive fungal infection in patients undergoing bone marrow transplantation was established in a randomized, doubleblind placebo-controlled trial of 300 patients [342]. Patients
treated with ﬂuconazole, 400 mg daily, for 75 days after
transplantation developed fewer systemic fungal infections
(7%) compared to placebo-treated patients (18%). In addition, a mortality beneﬁt was found for ﬂuconazole-treated
patients at 110 days, with 52 deaths in the placebo arm compared to 31 deaths in the ﬂuconazole treatment arm.
Other comparative investigations have examined the efﬁcacy of ﬂuconazole or amphotericin B for prevention of fungal infection in patients with hematologic malignancies and
neutropenia [343–345]. One randomized trial compared
ﬂuconazole (400 mg daily) and amphotericin B (0.5 mg/kg
IV 3×/week) antifungal prophylaxis in 71 patients with acute
leukemia undergoing remission induction chemotherapy
[345]. Proven, probable, or possible fungal infections were
diagnosed in 31% of amphotericin B–treated patients and
17% of ﬂuconazole-treated patients. Amphotericin B was
tolerated poorly and was more frequently discontinued
(42% vs 20%).
Similar studies have investigated the role of itraconazole
in these populations. Efﬁcacy was demonstrated in one double-blind randomized, placebo-controlled trial of itraconazole capsules, 100 mg BID, in neutropenic patients with
hematologic malignancy or undergoing autologous bone
marrow transplantation. The incidence of fungal infection
was reduced from 15% in patients receiving placebo to 6% in
those administered itraconazole therapy [346]. In a similar
patient cohort, the efﬁcacy of itraconazole oral solution,
2.5 mg/kg BID, was conﬁrmed in a randomized, doubleblind, placebo-controlled trial [347]. Itraconazole prophylaxis resulted in a reduced rate of proven or suspected deep
fungal infection (24% compared to 33%) and fewer episodes
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of candidemia (0.5% vs 4%). In addition, data from an
open-label trial suggested itraconazole prophylaxis may be
associated with a decreased mortality rate due to invasive
fungal infection in neutropenic patients [348].
The efﬁcacy and safety of ﬂuconazole and itraconazole
have also been compared in several trials for prevention of
fungal infection in neutropenic patients. A meta-analysis
was performed on a subset of ﬁve randomized, controlled,
comparative trials in this patient population [349]. Although
ﬂuconazole prophylaxis resulted in signiﬁcantly more documented or suspected fungal infections (OR = 1.62), itraconazole was more frequently discontinued due to adverse drug
event (OR = 0.27). The study concluded that itraconazole
was more effective as antifungal prophylaxis, but ﬂuconazole
was much better tolerated.
Fluconazole has been compared to posaconazole for antifungal prophylaxis in two multicenter, randomized trials [23,
24]. Posaconazole was compared to prophylaxis with either
ﬂuconazole or itraconazole in 602 neutropenic patients
undergoing chemotherapy for acute myelogenous leukemia
or myelodysplastic syndrome. Signiﬁcantly fewer invasive
fungal infections were diagnosed in patients receiving posaconazole (2%) compared to those receiving either ﬂuconazole or itraconazole (8%) [23]. Kaplan-Meier analysis also
identiﬁed signiﬁcant survival beneﬁt for patients receiving
posaconazole. In another large trial in 600 hematopoietic
stem cell transplant recipients with severe graft-versus-host
disease, prophylaxis with posaconazole was compared to ﬂuconazole [24]. Posaconazole was established as noninferior
based on analysis of the primary end point, occurrence of
invasive fungal infection (posaconazole 5.3%, ﬂuconazole
9%). A mortality beneﬁt was not observed. Both studies
found posaconazole signiﬁcantly more successful in preventing invasive aspergillosis and similar to ﬂuconazole in preventing candidiasis.
A consensus has not been reached regarding administration of antifungal prophylaxis in ICU patients. The current
2009 IDSA candidiasis guidelines recommend ﬂuconazole
for antifungal prophylaxis for high-risk patients only in those
adult ICUs reporting a high incidence of invasive candidiasis
[15]. Several studies, including two meta-analyses and a
multicenter, randomized trial have examined the role of ﬂuconazole prophylaxis in this patient cohort [350–353]. One
meta-analysis included four randomized, double-blind trials
composed of a total of 626 patients in surgical ICUs.
Fluconazole (100–400 mg daily) treatment was found to signiﬁcantly decrease the rate of fungal infections compared to
placebo (OR = 0.44) [350]. However, a signiﬁcant survival
beneﬁt was not identiﬁed (OR = 0.87). The low rate of candidemia (2.2%) observed in the studies was not impacted by
ﬂuconazole administration. A second meta-analysis included
trials comparing ketoconazole or ﬂuconazole to placebo
[351]. Data from 1226 patients enrolled in nine trials (seven
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double-blind) were analyzed. Azole prophylaxis was associated
with a decreased rate of candidemia (RR = 0.3), lower
mortality from candidiasis (RR = 0.25), and lower overall
mortality (RR = 0.6).
A recent large, multicenter, randomized trial investigated
the efﬁcacy of ﬂuconazole empirical treatment, rather than
prophylaxis, in ICU patients with fever despite administration of broad-spectrum antibiotics [352]. Documented invasive candidiasis occurred in 5% of the patients receiving
ﬂuconazole (800 mg daily for 14 days) and 9% of placebo
recipients. The sum of studies suggests a beneﬁt in a select
group of high-risk patients. The optimal strategy to deﬁne
this group has not yet been identiﬁed and remains an area of
intense study.
Prophylaxis studies have been undertaken in the preterm
neonatal population. Fluconazole has been shown effective
and is recommended by the IDSA for antifungal prophylaxis
in preterm neonates (<1,000 g) in nurseries with high rates of
invasive candidiasis. A multicenter, randomized trial examined the impact of ﬂuconazole for prevention of fungal colonization and infection in 322 preterm neonates weighing less
than 1,500 g at birth [354]. Fluconazole was administered
every third day for 2 weeks, then every other day until day 30
and decreased the rate of invasive fungal infection. A mortality beneﬁt was not observed.
Another high-risk population for which azole prophylaxis
has been considered is certain solid organ transplant recipients, including those with liver, pancreas, and small bowel
transplants. The effectiveness of ﬂuconazole and itraconazole oral solution for antifungal prophylaxis was compared
in a randomized, controlled trial of 188 liver transplant recipients [355]. The rates of proven invasive fungal infection
were similar between patients treated with ﬂuconazole
400 mg daily (3%) and those receiving itraconazole 200 mg
BID (7%). The mortality rate was similar in both patient
groups (ﬂuconazole 8%, itraconazole 12%), with only one
patient dying from fungal infection. The utility of routine use
of prophylaxis in this subset of solid organ transplant recipients remains unclear.

Dermatophytosis
Both itraconazole and ﬂuconazole have been examined for
treatment of fungal infections of the skin and nails.
Itraconazole has been considered superior to ﬂuconazole for
most dermatophyte infections and equivalent to or slightly
inferior to the allylamine, terbinaﬁne. In open-label studies,
itraconazole 100–200 mg daily for approximately 3–6 months
achieved clinical response rates of 64–80% and 60–73% in
patients with dermatophyte onychomycosis of the ﬁngernails
and toenails, respectively [256, 356]. Another open-label
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dose-ranging comparison trial found itraconazole 200 mg
daily to be more effective than 100 mg daily dosing, presumably due to achievement of over ﬁve-fold higher itraconazole
concentrations in the nails [357].
Itraconazole is lipophilic and keratophilic, with pharmacokinetics ideal for pulse dose therapy. When given in high
doses, itraconazole concentrates in the nail bed and remains
active for months. Pulse itraconazole therapy (400 mg
daily for 1 week per month for 3–4 consecutive months)
successfully treated 85–93% of patients with onychomycosis
enrolled in open trials [255, 358]. A double-blind, multicenter, randomized trial by Haru et al. of 129 patients with
conﬁrmed dermatophyte onychomycosis compared itraconazole pulse therapy (400 mg daily 1 week per month for
3 months) to continuous itraconazole therapy (200 mg daily
for 3 months) [359]. Although the clinical response rates
favored pulse itraconazole therapy (81%) over continuous
therapy (69%) at 12 month follow-up, statistical superiority
was not established. Mycologic cure rates were similar
between the groups (69% for pulse therapy versus 66% for
continuous therapy). The pulse dose therapy regimen is at
least as effective as continuous therapy and has the added
beneﬁts of decreased systemic drug exposure and lower
treatment cost.
Of four trials comparing the efﬁcacy of itraconazole to
terbinaﬁne for the treatment of onychomycosis, three of the
trials demonstrated superiority of terbinaﬁne. In a multicenter
double-blind trial, itraconazole 200 mg daily for 12 weeks
was signiﬁcantly less effective than terbinaﬁne 250 mg daily
for the treatment of toenail onychomycosis, with a lower
mycologic cure rate (63% vs 81%) [360]. Similar results
have been found in additional randomized comparisons
[361]. Taken together, these studies demonstrate the superiority of terbinaﬁne in treatment of onychomycosis and suggest itraconazole as a safe and effective alternative.
Open-label studies demonstrated the utility of both
ﬂuconazole and itraconazole daily for the treatment of
cutanteous dermatophytosis such as tinea pedis, tinea cruris,
and tinea corporis, with clinical response rates of 70–96%
[362–365]. Trials comparing the two azoles have not been
undertaken. However, double-blind, randomized trials comparing itraconazole with terbinaﬁne for treating dermatophytosis have established the superiority of terbinaﬁne
based on signiﬁcantly higher clinical and mycologic cure
rates [366].
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Echinocandins
Andreas H. Groll, Dominik Schrey, and Thomas J. Walsh

Ever since the discovery that penicillin inhibits bacterial cell
wall synthesis, developing equivalent agents to target the fungal cell wall has been a focus of antifungal drug development.
Because the cell wall is essential to the vitality of fungal
organisms and because its components are absent in the mammalian host, the fungal cell wall represents an ideal target for
antifungal compounds. With considerable variation among
different species, the gross macromolecular components of
the cell wall of most fungi include chitin, alpha- or betalinked glucans, and a variety of mannoproteins. The dynamics of the fungal cell wall are closely coordinated with cell
growth and cell division, and the predominant function of the
cell wall is to control the internal turgor of the cell. Disruption
of the cell wall structure leads to osmotic instability and may
ultimately result in the lysis of the fungal cell. The echinocandins are antifungal agents whose actions are directed against
the major constituents of the fungal cell wall.
The echinocandins are a class of semisynthetic amphiphilic
lipopeptides that are composed of a cyclic hexapeptide core
linked to a variably conﬁgured N-acyl lipid side chain. The
ﬁrst compound of this class undergoing major preclinical
evaluation was cilofungin (LY 121019), a semisynthetic
echinocandin B derivative with activity limited against
Candida spp. However, clinical development was abandoned
in early stages due to toxicity concerns associated with the
intravenous polyethylene glycol formulation vehicle [1–3].
Over the past decade, second generation semisynthetic
echinocandins with extended antifungal spectrum against
Candida and Aspergillus spp., excellent safety proﬁles, and
favorable pharmacokinetic characteristics have been developed. These include anidulafungin (Ecalta™ and Eraxis™),
caspofungin (Cancidas™), and micafungin (Mycamine™)
(Fig. 1).With individual exceptions, current data indicate that
these agents are not fundamentally different with respect to
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spectrum, pharmacodynamics, pharmacokinetics, safety, and
antifungal efﬁcacy (Table 1).

Mechanism of Action
The echinocandins act by noncompetitive inhibition of the
synthesis of (1 Ȣ 3)-E-d-glucan, a polysaccharide in the cell
wall of many pathogenic fungi (Fig. 2). Together with chitin,
the rope-like glucan ﬁbrils are responsible for the strength
and shape of the cell wall. They are important in maintaining
the osmotic integrity of the fungal cell and play a key role in
cell division and cell growth [1–3]. The proposed molecular
target of the echinocandins, glucan synthase, is a heteromeric
enzyme complex composed of at least one large integral
membrane protein encoded by the FKS genes that bind the
substrate (UDP-glucose), and one small regulatory subunit,
Rho1p, a GTP-binding protein; other, yet unidentiﬁed components may also be involved [11]. Additional immunomodulatory effects through unmasking of (1 Ȣ 3)-E-d-glucan and
induction of proinﬂammatory cytokine release from host
immune cells have been described recently and may be important to explain the observed in vivo efﬁcacy of echinocandins
against moulds that are typically resistant in vitro [12].
The echinocandins demonstrate a species-dependent
mode of action. Whole cell in vitro assays reveal fungicidal
activity against most Candida spp. but not against Aspergillus
spp. [13, 14]. Examination of exposed Aspergillus organisms
shows a dose-dependent formation of microcolonies with
progressively truncated, swollen hyphal elements that appear
to be cell wall deﬁcient, but are able to regain their cell walls
upon subculture in the absence of drug [15–17]. Vital ﬂuorescence staining of Aspergillus fumigatus exposed to caspofungin or micafungin revealed a differential killing effect on
apical and subapical branching cells with little reduction in
vital staining of subapical cells, suggesting that only cells at
the active centers for new cell wall synthesis within A. fumigatus hyphae are killed [14, 17]. These observations indicate
differences in functional target sensitivity, the implications
of which are not yet understood.
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Fig. 1 Structural formulas of anidulafungin, caspofungin, and micafungin. The echinocandins are composed of a cyclic hexapeptide core that is
attached to an individually conﬁgurated acyl side chain

Table 1 Principal pharmacokinetic properties of anidulafungin, caspofungin, and micafungin
Anbidulafungin
Caspofungin
Formulation
IV
IV
Dose-linearity
Oral bioavailability [%]
Protein binding [%]
Volume of distribution [L/kg]
Elimination half-life [h]
Substrate/inhibitor of CYP450
Metabolism
Elimination

yes
n/a
84
0.7–0.9
24–26
no
Via chemical degradation
to inactive metabolites
Primarily in feces
(10% unchanged); 1% in urine
No adjustment needed

Dosage adjustment in renal
impairment
Dosage adjustment in hepatic
No adjustment needed
impairment
Data compiled from Refs. [4–10]
n/a, not applicable

Micafungin
IV

yes
n/a
97
n/a
9–11
Poor substrate/weak inhibitor
Via peptide hydrolysis and
N-acetylation
35% in feces, 41% in urine
(1.4% unchanged)
No adjustment needed

yes
n/a
99
0.24
11–17
Poor substrate/weak inhibitor
Via arylsulfatase and catecholO-methyltransferase
40% in feces, < 15% in urine
(<1% unchanged)
No adjustment needed

Child-Pugh <7: No adjustment; 7–9:
35 mg maintenance; >9: No data

Child-Pugh d 9: No adjustment;
> 9: No data

Echinocandins

Fig. 2 Schematic of the proposed mechanism of action of echinocandin
lipopeptides. Echinocandins inhibit the synthesis of cell wall 1,3-beta
glucan at the level of the cell membrane. FKS is the proposed catalytic
subunit, and RHO the proposed regulatory subunit of the glucan
synthase complex (Modiﬁed from Kurtz and Douglas 1997 [11], by
permission of the publisher)

Antifungal Activity and Resistance
The echinocandins have potent and broad spectrum in vitro
activity against clinically relevant Candida spp. with somewhat higher minimum inhibitory concentration (MIC) values
for Candida parapsilosis, Candida guilliermondii, and
Candida famata (Table 2). They have shown activity against
Saccharomyces cerevisiae but virtually no in vitro activity
against Cryptococcus neoformans and Trichosporon asahii.
The echinocandins also have broad spectrum activity against
Aspergillus spp. They have variable activity against dematiaceous and endemic moulds, and are considered inactive
in vitro against most hyalohyphomycetes and the zygomycetes. Efﬁcacy against invasive infections by Candida and
Aspergillus spp has been demonstrated in various experimental models in immunocompetent and immunocompromised animals. Of note, all echinocandins have shown
preventive and therapeutic activity in animal models of
Pneumocystis pneumonia [13, 18–27].
As expected from their mechanism of action, the echinocandins show no cross-resistance to amphotericin and
ﬂuconazole-resistant Candida and Aspergillus isolates.
Primary resistance to echinocandins in otherwise susceptible
fungal species remains rare [18, 28]. While results from
resistance-induction studies demonstrate an overall low
potential for induced resistance in Candida spp. [13], development of secondary echinocandin resistance has been
reported in patients [29–35]. Of note, resistance to one agent
appears to be generally associated with cross-resistance to
other echinocandins [36, 37]. Development of secondary
resistance to Aspergillus spp. is conceivable based on laboratory experiments [36], but has not been observed yet in
patients.
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Most mutations in Candida and Aspergillus spp. conferring
resistance have been mapped to two “hot-spot” regions of the
FKS1 gene [11, 36–40]. Recent ﬁndings indicate that a naturally occurring substitution in FKS1 from the C. parapsilosis
group accounts for the reduced susceptibility phenotype of
these organisms [41]. FKS1 sequences also appear to represent determinants of intrinsic echinocandin resistance in
Fusarium and Scedosporium species [42]. In contrast, the
primary resistance of C. neoformans to echinocandins
appears to be unrelated to (1 Ȣ 3)-E-d-glucan synthase
resistance [43].
The observation of a paradoxical effect of caspofungin
and other amine-substituted echinocandins against some
C. albicans isolates at supra-MIC concentrations has been
linked to upregulation of FKS1, MKC1, GSL2 and GSC1
gene expression [44, 45], but also to the derepression or activation of resistance mechanism that do not involve
(1 Ȣ 3)-E-d-glucan synthesis [46, 47] and may include high
afﬁnity uptake transporters [48], efﬂux pumps [49], and
mechanisms involved in remodeling or maintenance of cell
wall components [38, 44, 45, 50]. In animals, a paradoxical
effect could not be reproducibly demonstrated [51, 52], and,
similar to the realm of antibacterial chemotherapy, there has
been no signal in patients treated with high doses of echinocandin compounds. That these in vitro paradoxical effects
tend to occur at echinocandin concentrations greatly exceeding those that are safely achieved in plasma may explain the
absence of an in vivo correlate.

Antimicrobial Interactions
In vitro studies using checkerboard methodologies, time kill
and metabolic assays have consistently shown no antagonism in vitro between echinocandins and other antifungal
agents; however, indifference, additivity, and synergy have
been noted when tested against Aspergillus spp., C. albicans
and non-albicans Candida spp. [13, 53–65]. In vivo, beneﬁcial effects of combinations of echinocandins with triazoles
or amphotericin B have been shown in animal models
of disseminated and pulmonary aspergillosis [66–70],
experimental invasive candidiasis [57, 71, 72], disseminated
coccidioidomycosis [73], and disseminated R. oryzae zygomycosis [74].
When tested in combination with human phagocytes
against C. albicans, all echinocandins had variably enhancing effects on phagocytosis, oxidative burst, and intracellular
killing of the organism [75, 76]. Enhancing effects on these
functions were also seen against A. fumigatus [77–79].
Echinocandins have also been shown to decrease the adherence
of C. albicans to plastic coated with extracellular matrix proteins [80], to decrease the ability of C. albicans to subsequently
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Table 2 In vitro susceptibilities of 5.346 clinical isolates of Candida spp. to anidulafungin,
caspofungin, and micafungin
MIC Range
MIC 90%
Organism
No. of isolates
Antifungal agent
[ug/mL]
[ug/mL]
C. albicans

2,857

Anidulafungin
Caspofungin
Micafungin

0.06
0.06
0.03

0.007–1.0
0.007–0.5
0.007–1.0

C. parapsilosis

771

Anidulafungin
Caspofungin
Micafungin

2
1
2

0.03–4.0
0.015–4.0
0.015–2.0

C. glabrata

747

Anidulafungin
Caspofungin
Micafungin

0.12
0.06
0.015

0.015–4.0
0.015– t 8.0
0.007–1.0

C. tropicalis

625

Anidulafungin
Caspofungin
Micafungin

0.06
0.06
0.06

0.007–2.0
0.007– t 8.0
0.007–1.0

C. krusei

136

Anidulafungin
Caspofungin
Micafungin

0.06
0.25
0.12

0.015–0.5
0.015–1.0
0.015–0.25

C. guilliermondii

61

Anidulafungin
Caspofungin
Micafungin

2
1
1

0.12–4.0
0.03– t 8.0
0.015–2.0

C. lusitaniae

58

Anidulafungin
Caspofungin
Micafungin

0.5
0.5
0.25

0.06–1.0
0.03–1.0
0.03–1.0

C. kefyr

37

Anidulafungin
Caspofungin
Micafungin

0.12
0.015
0.06

0.015–0.12
0.007–0.03
0.015–0.06

C. famata

24

Anidulafungin
Caspofungin
Micafungin

2
1
1

0.015–2.0
0.015–2.0
0.015–2.0

Candida spp.

30

Anidulafungin
Caspofungin
Micafungin

1
0.25
0.5

0.007– t 8.0
0.015–0.5
0.015–0.5

Total

5,346

Anidulafungin
Caspofungin
Micafungin

2
0.25
1

0.007– t 8.0
0.007– t 8.0
0.007–2.0

Table modiﬁed from Ref. [18]

form bioﬁlms [81], and, in contrast to antifungal triazoles
and conventional but not lipid-associated amphtericin B, to
exert potent antifungal activity against sessile C. albicans
and C. parapsilosis within bioﬁlms [81–83].

Pharmacodynamics
Time kill studies in Candida spp. have demonstrated strainand species-dependent, both concentration- and time-dependent fungicidal activity and rate of kill at concentrations
above the MIC for all three compounds. In addition, prolonged post-antifungal effects between 5 and 12 h at concentrations above the MIC have been demonstrated [84–90].
In persistently neutropenic rabbit models, anidulafungin
showed highly predictable concentration-effect relationships

in experimental disseminated candidiasis; however, no concentration-effect relationships were observed in experimental
pulmonary aspergillosis despite full exploration of the
dosage range [91]. Pharmacodynamic studies in murine
kidney target models of disseminated candidiasis indicated
that the Cmax/MIC and AUC/MIC are strongly predictive
of antifungal efﬁcacy [92–94] and that free drug exposures
associated with efﬁcacy are similar across Candida spp and
similar across agents [93, 94]. In a murine model of invasive
pulmonary aspergillosis, the Cmax/MEC ratio appeared to
be the parameter most closely associated with efﬁcacy [95].
In patients, pharmacokinetic/pharmacodynamic (PK/
PD) correlations of all echinocandins have been explored
using clinical data from Phase II and III clinical studies in
patients with esophageal and oropharyngeal candidiasis.
These studies consistently demonstrated dose response
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and PK/PD relationships that allowed for the deﬁnition of
pharmacokinetic target values for exposure, average
plasma levels, and plasma trough levels, that were well
exceeded at the the dosages investigated in pivotal clinical
trials in patients with invasive Candida infections.
However, the analysis of isolates of patients enrolled in
four clinical trials of caspofungin for esophageal and invasive candidiasis revealed no relationship of MIC to outcome for the entire data set, the different types of
candidiasis, or speciﬁc Candida spp. [96]. Similar data
were obtained for anidulafungin and micafungin [97]. This
observation may be explained by the high efﬁcacy of the
dosages used in these studies and the absence of Candida
isolates with elevated MICs in the clinical trial data sets.

In Vitro Susceptibility Testing
The European Committee on Antimicrobial Susceptibility
Testing (EUCAST) and the Clinical and Laboratory Standards
Institute (CLSI) have developed standardized methods based
on broth dilution for the susceptibility testing of yeasts, that,
despite methodological differences, generate overall similar
results [98–100] (Table 2). Recently, the CLSI proposed a
value of d 2 Pg/mL as a tentative susceptibility breakpoint for
anidulafungin, caspofungin, and micafungin for Candida
spp. on the basis of mechanisms of resistance, an epidemiological MIC population distribution, parameters associated
with success in pharmacodynamic models, and results of
clinical efﬁcacy studies [97, 98]. Whether current susceptibility
testing methods and breakpoints reliably identify isolates
with resistance mechanisms associated with treatment
failures, is not clear: In a recent study using a collection of
blinded FKS hot spot mutant and wild type isolates, the CLSI
breakpoint of d 2 Pg/mL resulted in 89.2% being classiﬁed as
anidulafungin susceptible, 60.7% as caspofungin susceptible,
and 92.9% as micafungin susceptible [101].

Anidulafungin
Pharmacokinetics and Metabolism
In healthy volunteers, after intravenous dosages of
35–100 mg, anidulafungin demonstrated linear pharmacokinetics with mean peak plasma levels ranging from 1.71
to 3.82 Pg/mL, and mean AUC0–ȭ values from 37.46 to
104.81 Pgxh/mL. The mean volume of distribution was
between 0.72 and 0.90 L/kg, and the terminal half-life was
approximately 40 h (Table 3) [23]. Population based analysis
of concentration data from 225 patients with serious fungal
diseases collected during four phase II/III clinical studies
revealed no relevant differences in pharmacokinetics as
compared to healthy subjects [102].
Anidulafungin is not metabolized by the liver but slowly
degraded chemically to inactive products. Mass balance
studies showed that anidulafungin is eliminated in the feces
predominantly as degradation products, with only a small
fraction (10%) eliminated as unchanged drug; fecal elimination likely occurs via biliary excretion. Only negligible renal
involvement in the drug’s elimination was observed [4]. In
laboratory animals, tissue concentrations at trough after multiple dosing were highest in lung and liver, followed by
spleen and kidney. Measurable concentrations in brain tissue
were noted only at the higher end of the dosage range. No
relevant inter-species differences were observed [5, 91].
The pharmacokinetics of anidulafungin are not altered in
subjects with mild, moderate and severe (creatinine clearance of <30 mL/min) renal impairment, nor in end-stage
renal disease or during hemodialysis; likewise, hepatic
impairment does not cause clinically relevant changes in the
pharmacokinetics [103].
In pediatric patients, in a sequential cohort, age-stratiﬁed,
dose-escalation study, concentrations and AUC were similar
across patients, and, in contrast to caspofungin and micafungin, weight adjusted clearance rates were consistent

Table 3 Single-dose anidulafungin pharmacokinetics in pediatric and adult patients
Pediatric patients (2–17 years)
Adults
Dosage
0.75 mg/kg
1.5 mg/kg
50 mg
100 mg
4.02
6.09
2.51
3.82
Cmax (Pg/mL)
AUC 0–24 h (Mg·h/mL)
48.0
89.7
53.3
104.8
42.3a
T ½ beta (h)
20.8
19.5
39.3a
CL (L/h/kg)
0.0175
0.0191
n/a
n/a
VDss (L/kg)
0.45
0.49
0.72
0.78
Pharmacokinetic parameters are expressed as mean values. Data were obtained in groups of
six pediatric patients with compromised immunity and neutropenia per age group and dosage
level, and compared to those obtained in 26 adult healthy volunteers (Modiﬁed from Refs.
[102, 104])
n/a, not available
a
T½ gamma

100

across age (Table 3). Pharmacokinetic parameters following
0.75 or 1.5 mg/kg/day were similar to those observed in adult
patients receiving 50 or 100 mg/day, respectively [104]. No
data have yet been published for neonates.
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the end of therapy (65% vs 49%, p = .02). A trend toward
increased survival was noted in the anidulafungin group
(77% vs 69%; P = .13).

Safety and Tolerance
Clinical Efﬁcacy
The clinical efﬁcacy of anidulafungin against Candida infections has been demonstrated in phase II and phase III studies
in immunocompromised patients with esophageal candidiasis
and in patients with candidemia or other forms of invasive
candidiasis [105–108]. Anidulafungin had equivalent efﬁcacy to ﬂuconazole in a randomized, double-blind phase III
international multicenter study in mostly HIV-infected
patients with esophageal candidiasis [106]. Patients received
intravenous anidulafungin (100 mg on day 1, followed by
50 mg daily) or oral ﬂuconazole (200 mg on day 1, followed
by 100 mg daily) for 7 days beyond resolution of symptoms
(range, 14–21 days). At the end of therapy, the rate of endoscopic success for anidulafungin (242 [97.2%] of 249 treated
patients) was found to be statistically noninferior to that for
ﬂuconazole (252 [98.8%] of 255 treated patients).
In a non-comparative dose-ranging study, 123 patients
with invasive candidiasis, including candidemia, were randomized to one of three intravenous once daily regimens of
50, 75, or 100 mg of anidulafungin. Non-albicans Candida
species accounted for approximately one-half of all isolates. Treatment continued for 2 weeks beyond resolution
or improvement of signs and symptoms. The primary endpoint was clinical and microbiological success in the evaluable population at 2 weeks after end of therapy. Among the
68 patients evaluable for efﬁcacy, success rates at end of
therapy were 84%, 90%, and 89%, respectively [105]. This
study was followed by a randomized, double blind phase III
study that compared anidulafungin,100 mg daily, to ﬂuconazole,400 mg daily, for treatment of invasive candidiasis in
a total of 245 mostly non-neutropenic patients [107].
Patients were stratiﬁed for neutropenia and APACHE II
scores (> or d 20) and, in either arm, could switch to oral
ﬂuconazole after at least 10 days of intravenous therapy.
The primary efﬁcacy endpoint was global response (clinical and microbiological success) in the modiﬁed intent-totreat (MITT) population at end of intravenous therapy. Of
261 enrolled patients, 245 had received at least one dose of
study drug and were proved to have candidiasis. Overall,
89% had candidemia, and 97% were not neutropenic. The
groups were well matched; the mean APACHE II score was
15 and 14.4. C. albicans was the species isolated in 62% of
patients. Clinical and microbiological success was superior
for anidulafungin, when compared with ﬂuconazole, at the
end of therapy (74% vs 57%, p = .02) and at 2 weeks after

In initial dose-optimization studies in healthy volunteers
receiving daily maintenance doses of 70–130 mg for 9 days
following a loading dose of up to 260 mg on day one, anidulafungin was well tolerated without encountering dose limiting toxicities [23].
Anidulafungin was overall well tolerated. In the doseranging trial in patients with invasive Candida infections,
review of adverse events and laboratory data indicated no
dose response for safety parameters. Adverse events considered to be related to treatment were reported by <5% of
patients in each dosage group. The most common events,
irrespective of relationship to treatment, were hypotension,
vomiting, constipation, nausea and pyrexia [105]. In the two
randomized, comparative trials, the safety proﬁle of anidulafungin was similar to that of ﬂuconazole. Type and frequency
of adverse events were comparable with <5% of patients discontinuing the randomized study drug because of drugrelated adverse events [106, 107].
Of note, infusion-related reactions have been reported
with anidulafungin. In the pivotal invasive candidiasis study,
these included ﬂushing (2.3%), pruritus (2.3%), rash (1.5%),
and urticaria (0.8%). Other treatment-related adverse reactions that occurred in <5% of patients in the pivotal study
included hypokalemia, diarrhea, increased hepatic enzymes
and bilirubin [107]. In individual patients, cases of hepatic
dysfunction, hepatitis, or worsening hepatic failure have
been reported. Exacerbation of infusion-related reactions by
coadministration of anesthetics has been noted in a study in
rats; the clinical relevance of this is unknown [109, 110].

Drug Interactions
In vitro studies showed that anidulafungin is not a clinically
relevant substrate, inducer, or inhibitor of important human
cytochrome P450 isoforms at safely achievable concentrations,
and it is not an inhibitor of P-glycoprotein [4]. Formal interaction studies demonstrated that no dosage adjustment of
either drug is warranted when anidulafungin is coadministered with cyclosporine A, tacrolimus, voriconazole, liposomal amphotericin B, or rifampin [109–113]. In a large
population-based pharmacokinetic analysis, there was no
evidence that the presence of rifampin or metabolic substrates, inhibitors, or inducers of cytochrome p450 inﬂuenced
the clearance of anidulafungin [4].
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Approval Status and Dosing
Recommendations
Anidulafungin is licensed in USA in patients t 18 years of
age for esophageal candidiasis, candidemia, and other forms
of invasive Candida infections, including intra-abdominal
abscesses and peritonitis, in non-neutropenic patients [110].
In Europe, anidulafungin is licensed for treatment of candidemia in adult non-neutropenic patients [109]. The recommended dosage is 100 mg daily after a loading dose of
200 mg for invasive candidiasis and 50 mg daily after a loading dose of 10 mg for esophageal candidiasis. No dosage
adjustment is needed in subjects with mild, moderate or
severe renal impairment, those undergoing hemodialysis and
in patients with mild, moderate or severe hepatic impairment
(Child-Pugh class A, B and C).
Safety and antifungal efﬁcacy of anidulafungin in pediatric patients has not been established, but is actively being
studied. Anidulafungin has been shown to cross the placental
barrier and may be embryotoxic in rats. Adequate data in
pregnant and lactating women do not exist, and the compound should only be used if the potential beneﬁt justiﬁes
the risk to the fetus [109, 110].

Caspofungin
Pharmacokinetics and Metabolism
Administration of single dosages of 5–100 mg of caspofungin
to healthy volunteers demonstrated linear pharmacokinetics
with a beta half-life of 9–10 h and an average plasma clearance of 10–12 mL/min (Table 4). At higher dosages, an additional, longer gamma half-life of 40–50 h was evident.

Multiple dose studies at dosages of 15, 35, and 70 mg daily
for 2 or 3 weeks revealed dose-dependent accumulation of
drug in plasma of up to 50%. A loading dose of 70 mg,
followed by 50 mg daily, maintained plasma concentrations
above 1 Pg/mL from day 1 onward; this is above the reported
MIC values for most susceptible fungi [117]. Investigation of
higher dosages revealed constant pharmacokinetics after
single doses of 150 and 210 mg and following 14-days of
100 mg, respectively [25].
Tissue distribution, particularly to the liver through
speciﬁc uptake transporters, is the predominant mechanism
inﬂuencing clearance of caspofungin: Mass balance studies
demonstrate that approximately 92% of the administered
radioactivity distributes to tissues at 36–48 h [6, 48, 118,
119]. Tissue distribution studies in mice revealed preferential exposure of liver, kidney, and large intestine, whereas
exposure for small intestine, lung and spleen was equivalent
to that for plasma. Organs with a lower level of exposure
included the heart, thigh, and brain [120]. Excretion of
caspofungin in humans is slow, with 41% and 35% of the
dosed radioactivity being recovered in urine and feces,
respectively, over 27 days. Caspofungin is slowly metabolized by peptide hydrolysis and N-acetylation; only a small
fraction of caspofungin (~1.4% of dose) is excreted
unchanged in urine [6, 7, 118–120].
Dosage adjustment is not necessary for patients with
impaired renal function and end-stage renal insufﬁciency.
While patients with mild hepatic insufﬁciency do not require
a dosage adjustment, a dosage of 35 mg daily after the initial
70 mg loading dose is recommended for patients with moderate hepatic insufﬁciency (Child-Pugh score 7–9) due to an
average increase of 76% in AUC. No clinical experience
exists in patients with severe hepatic insufﬁciency (ChildPugh score >9). Dosage adjustment based on weight, age,
gender, serum albumin concentration or on the basis of race
is not required [21, 25, 121].

Table 4 Single-dose caspofungin pharmacokinetics in pediatric and adult patients
Infants and toddlers
Children
Premature neonates
(3–24 months)
(2–11 years)
Dosage
25 mg/m2
50 mg/m2
50 mg/m2

Adolescents
(12–17 years)
50 mg/m2

Adults
50 mg

AUC 0–24 h (Mg·h/mL)
n/a
120
96.4
77.6
70.6
C1 (Mg/mL)
10.2
17.46
13.9
8.95
7.67
C24 (ug/mL)
2.3
1.34
1.09
1.26
1.35
T ½ beta (h)
n/a
7.79
7.6
10.51
11.7
CL (mL/min/m2)
n/a
6.05
7.78
6.3
6.07
Least square means are reported for AUC, C1 (Cmax), and C24 (Cmin), and harmonic means for t ½ beta. Data were obtained
in groups of 6–10 pediatric patients and compared to those obtained in 32 adult patients with mucosal candidiasis
Compiled from Refs. [8, 114–116]
n/a, data not available from the publication
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In pediatric patients 2–17 years old, 50 mg/m2/day provided
similar or slightly higher exposure relative to adults dosed
with 50 mg daily [8] and was selected for further study.
While this dosage was also found to be appropriate in infants
3 months to 2 years of age [114], limited data indicate that a
dosage of 25 mg/m2 daily is indicated to achieve comparable
exposures in premature neonates (Table 4) [115].

Clinical Efﬁcacy
The clinical efﬁcacy of caspofungin has been investigated
for oropharyngeal and esophageal candidiasis, invasive candidiasis, invasive aspergillosis, and for empiric treatment of
persistently febrile neutropenic patients. In a multicenter,
randomized, double blind study comparing caspofungin
(50 mg daily) and ﬂuconazole (200 mg daily) for treatment
of esophageal candidiasis in 177 mostly HIV-infected
patients, response rates as assessed by the combined response
of symptom resolution and signiﬁcant endoscopic improvement 5–7 days after discontinuation of treatment were similar for both cohorts (81% vs 85%) [116]. These favorable
data were supported by two further, randomized, doubleblind, multicenter trials that compared caspofungin with
conventional amphotericin B (0.5 mg/kg/day) [122, 123] and
a retrospective case series of patients with esophageal candidiasis resistant to ﬂuconazole [124].
The efﬁcacy of caspofungin as primary treatment of
invasive Candida infections has been investigated in a
multicenter, randomized, double-blind phase III clinical
trial comparing caspofungin, 50 mg daily after a loading
dose of 70 mg, to amphotericin B deoxycholate,0.6–1 mg/kg
daily. Patients were treated for 14 days after the last positive culture, but could be switched to ﬂuconazole after
10 days of intravenous therapy. Success required both
symptom resolution and microbiological clearance. At
study entry, 13% of patients were neutropenic; the majority
had candidemia (83%). The predominant organism was
C. albicans (45%). Among patients receiving at least one
dose of study drug, 73% (80/109) of the caspofungin cohort
and 61.7% (71/115) of the amphotericin B cohort were
classiﬁed as therapeutic success at the end of intravenous
therapy. There was no difference in relapse or survival at
6–8 weeks follow up [125].
The clinical usefulness of caspofungin for treatment of
patients with invasive candidiasis is further corroborated by a
randomized, double-blind phase III trial comparing micafungin 100 mg daily and micafungin 150 mg daily with the
standard dosage of caspofungin, 50 mg daily, in a total of 595
adults. This study showed similar success rates at the end of
therapy (76%, 71%, and 72%, respectively) and no signiﬁcant differences in time to culture negativity, mortality, relapses
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and emerging infections [126]. In a more recent randomized
phase III trial, high-dose caspofungin, 150 mg daily, was
compared to treatment with the standard dose of 50 mg daily
in a total of 204 patients. No safety concerns were found for
the higher dose of caspofungin; however, no signiﬁcant beneﬁt in regards to clinical response or mortality was found
[127]. Among 48 patients with non-fungemic invasive candidiasis and chronic disseminated candidiasis who received
caspofungin primary or salvage monotherapy at the standard
dosage had an overall success rate at the end of therapy of
81% [128]. A review of 27 neutropenic patients showed a
favorable response in 17 of 27 patients (63%) [129].
The clinical efﬁcacy of caspofungin, 50 mg daily after a
loading dose of 70 mg, against invasive aspergillosis has
been studied in a multicenter, open-label, noncomparative
phase II trial in patients with deﬁnite or probable invasive
aspergillosis refractory to or intolerant of standard therapies
[130]. A total of 83 patients received caspofungin for a mean
duration of 28 days (range, 1–162 days). The majority had
hematological malignancies or had undergone bone marrow
transplantation, and most had refractory Aspergillus infections. Complete or partial responses at end of therapy were
achieved in 44.6% of patients receiving at least one dose of
caspofungin; in patients receiving the drug for t7 days, a
favorable response was seen in 56%.
Caspofungin has also been explored as ﬁrst line treatment of
invasive aspergillosis in two phase II pilot trials initiated by the
EORTC Infectious Diseases Group. In 61 mostly neutropenic
patients with hematological malignancies or undergoing autologous stem cell transplantation, 20 (31%) patients had a complete and partial response at end of treatment, and 9 (15%)
achieved stabilization. The 12-week survival rate was 53%
(32/60) [131]. Among 24 eligible allogeneic stem cell transplant
recipients, of whom 12 were neutropenic at baseline, 10 (44%)
had a complete or partial response at end of treatment, and one
(4%) had stable disease. Survival at day 84 was 48% [132].
Retrospective series suggest a potential usefulness of combination therapies of caspofungin with either voriconazole
[133] or amphotericin B [134]. In a multicenter, prospective
noncomparative study of caspofungin combined with other
antifungal agents, including 53 adults with invasive aspergillosis refractory or intolerant to prior therapy, the overall
success rate at end of therapy was 55%. Success in patients
with >7 days of combination therapy was 66% (27/41) [135].
In a prospective, randomized open pilot study in 30 patients
with proven or probable invasive aspergillosis, combination of
liposomal amphotericin B 3 mg/kg daily and caspofungin was
tested against monotherapy with high-dose amphotericin B
10 mg/kg daily; while complete or partial response rates were
higher in the combination group, survival rates at 12 weeks
after inclusion were 100% and 80%, respectively [136].
Finally, in a single center retrospective observational study
including 41 patients with biopsy-proven rhino-orbital-cerebral
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mucormycosis identiﬁed over 12 years, treatment with
polyene-caspofungin therapy had superior success compared
with patients treated with polyene monotherapy. In multivariate analysis, only receipt of combination therapy was
signiﬁcantly associated with improved outcomes [137].
In a randomized, double-blind, multinational trial of empirical antifungal therapy in febrile neutropenic patients, the
overall success rate of caspofungin treatment was non-inferior
to that with liposomal amphotericin B 3 mg/kg daily [138].
However, among patients with baseline fungal infections, a
higher proportion of those treated with caspofungin had a successful outcome (51.9% vs 25.9%, P = 0.04). Similarly, the
proportion of patients who survived at least 7 days after therapy was greater in the caspofungin group (92.6% vs 89.2%,
P = 0.05) and premature study discontinuation occurred less
often in the caspofungin group (10.3% vs 14.5%, P = 0.03).
Randomized data also indicate that caspofungin may provide
similar protection as itraconazole against invasive fungal
infections when given as prophylaxis in patients undergoing
remission induction chemotherapy for acute myelogenous
leukemia or myelodysplastic syndrome [139].
For children, efﬁcacy data have been collected for caspofungin, 50 mg/m2 daily adfter a loading dose of 70 mg/m2,, in
the setting of fever and neutropenia and in patients with documented infections. As compared to liposomal amphotericin B,
3 mg/kg daily, caspofungin was equaly effective as empirical
therapy but better tolerated [140]. Among 48 pediatric
patients with proven or probable invasive fungal infections,
success at end of therapy was achieved in 5 of 10 patients
with invasive aspergillosis, and 30 of 37 with invasive candidiasis [141]. Limited data support the use of caspofungin
for treatment of neonatal candidemia [142–144]. Among 36
neonates, most of whom were premature, with candidemia
refractory to therapy with amphotericin B, treatment with
caspofungin at 2 mg/kg daily (mean: 23 mg/m2), 35 (97%)
had a successful outcome [144].

Safety and Tolerance
Caspofungin is generally well tolerated: In the seven
randomized, comparative clinical trials discussed in detail
earlier, less than 5% of patients discontinued the drug
prematurely due to drug-related clinical adverse experiences
[116, 122–128, 138]. Exploration of higher dosages of up to
210 mg daily in healthy volunteers [25] and of up to 150 mg
daily in patients with invasive candidiasis [127] revealed no
new or increased rates of adverse events.
The most commonly reported drug-related clinical adverse
experiences occurring in t5% of 228 patients in 3 active
control studies included fever, phlebitis, nausea, and headache [145, 146]. Symptoms such as rash, facial swelling,
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pruritus, or sensation of warmth, potentially mediated
through endogenous histamine release [147], have been
reported in isolated cases [148]. Laboratory abnormalities
occurring in t5% of patients were increased liver enzymes,
decreased serum potassium, decreased hemoglobin, and
decreased white blood cell count [145, 146]. A similar incidence and pattern of adverse events has been observed larger
surveys outside the setting of clinical trials [149, 150].
Caspofungin appears to be well-tolerated in pediatric
patients: In a phase I/II dose-ﬁnding study in 39 children and
adolescents, none of the patients developed a serious drugrelated adverse event nor was therapy discontinued for toxicity
[114]. A similarly favorable safety proﬁle has also been
reported in immunocompromised pediatric patients who
received the compound within pharmacokinetic dose ﬁnding
trials, as empirical therapy, or for treatment of invasive infections [151] and in neonates with refractory invasive candidiasis
[144]. As caspofungin solution contains sucrose, patients with
rare hereditary problems of fructose intolerance or sucrase–
isomaltase insufﬁciency should not receive this agent.
Because of transient elevations of hepatic transaminases
in single-dose interaction studies, the concomitant use of
caspofungin with cyclosporine is not recommended by the
manufacturer [145, 146]. However, retrospective analyses
[152, 153] did not show evidence of a toxicodynamic interaction of caspofungin and cyclosporine.

Drug Interactions
Caspofungin is not a substrate of P-glycoprotein and is a
poor substrate of cytochrome P-450 enzymes and a weak
cytochrome P-450 enzyme inhibitor [7]. No pharmacokinetic
interactions were observed in healthy volunteers between
caspofungin and itraconazole, amphotericin B deoxycholate,
mycophenolate mofetil, and nelﬁnavir [21, 25, 154], and no
clinically relevant interactions have been found between tacrolimus or cyclosporine A and caspofungin. In vitro, caspofungin signiﬁcantly inhibited the metabolism of cytarabine, a
substrate of CYP3A4; no in vivo interaction studies have
been conducted as to determine the clinical relevance of this
ﬁnding [155].
Coadministration of inducers of drug clearance and/or
mixed inducer/inhibitors, namely efavirenz, nevirapine,
phenytoin, rifampin, dexamethasone, and carbamazepine
with caspofungin may result in clinically meaningful reductions in caspofungin concentrations. The manufacturer recommends an increase in the dosage of caspofungin to 70 mg
daily in patients on concurrent therapy with these drugs
[21, 25, 145, 146].
Results from regression analyses indicate that pediatric
patients will have similar reductions with inducers as seen in
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adults. If caspofungin is co-administered with the listed
inducers of drug clearance, a dose of 70 mg/m2 daily (maximum daily dose of 70 mg) should be considered [145, 146].

Micafungin

Approval Status and Dosing
Recommendations

Micafungin exhibits linear plasma pharmacokinetics with
doses ranging from 12.5 to 200 mg. There is no evidence of
systemic accumulation with repeated administration, and
steady state is generally reached within 4–5 days [156–158].
Following a standard single therapeutic dose of 100 mg, the mean
peak plasma level was 8.8 Pg/mL, the AUC0–ȭ 125.9 Pg.h/mL,
half-life 14.6 h, and total clearance 9.8 mL/h/kg, respectively
[159] (Table 5).
In plasma, the drug is highly (>99%) bound primarily to
albumin and is rapidly distributed into tissues [22]. Tissue
concentrations in animals were highest in the lung, liver,
spleen, and kidney. Micafungin was undetectable in CSF, but
brain tissue concentrations exceeded MIC90 values in a dose
dependent manner [9, 22]. Micafungin is metabolized in the
liver and excreted in inactive form into bile and urine. In
healthy volunteers, during washout, less than 1% of drug was
found in the urine in unchanged form [22]. Even though
micafungin is a substrate for CYP3A in vitro, hydroxylation
by CYP3A is not a major pathway for micafungin metabolism in vivo [22].
Renal dysfunction (creatinine clearance < 30 mL/min) or
hemodialysis have no relevant impact on the pharmacokinetics
of micafungin [159]. In subjects with moderate hepatic
dysfunction, weight-normalized clearance was not altered [9].
In living donor liver recipients, no signiﬁcant differences were
observed in the disposition of micafungin [162], and no differences in disposition were noted in elderly patients aged
66–78 years [22].
In febrile neutropenic pediatric patients 2–17 years of
age dosed from 0.5 to 4 mg/kg, micafungin pharmacokinetics were linear and overall similar to those observed in
adults. However, in patients 2–8 years old, clearance was
approximately 1.35 times that of patients > 9 years of age.
Exposures following a dose of 1 and 2 mg/kg corresponded
to those following 50 and 100 mg in adults, respectively

In USA, caspofungin is licensed in adults and pediatric
patients 3 months and older for treatment of esophageal candidiasis, candidemia, certain forms of invasive Candida
infections, including intra-abdominal abscesses, peritonitis
and pleural space infections. It is recommenrded as second
line therapy of proven or probable invasive aspergillosis and
for empirical antifungal therapy in granulocytopenic patients
with persistent fever [145]. In Europe, the compound is
approved in adult and pediatric patients of all ages for treatment of invasive candidiasis, second line treatment of invasive aspergillosis, and for empirical therapy for presumed
fungal infections in neutropenic patients [146].
The recommended dose regimen for adults consists of a
single 70-mg loading dose on day 1, followed by 50 mg daily
thereafter, administered over 1 h. The regimen approved in
pediatric patients 3 months to 17 years is 50 mg/m2 daily
after a 70 mg/m2 loading dose (maximum daily dose 70 mg).
The preliminary dosage in infants < 3 months and in premature neonates is 25 mg/m2 daily. No dosage adjustment is
required in patients with renal insufﬁciency. In patients
with mild hepatic insufﬁciency (Child-Pugh category A), no
adjustments are needed; in patients with moderate hepatic
insufﬁciency (Child-Pugh category B), decreasing the maintenance dose to 35 mg/day is recommeded after the loading
dose of 70 mg. No recommendations exist for patients with
severe hepatic insufﬁciency (Child-Pugh category C).
Caspofungin has been shown to cross the placental barrier
and to be embryotoxic in rats and rabbits. Adequate data in
pregnant and lactating women do not exist, and the compound should only be used if the potential beneﬁt justiﬁes
the risk to the fetus [145, 146].

Pharmacokinetics and Metabolism

Table 5 Single-dose micafungin pharmacokinetics in pediatric and adult patients
Premature neonates
Pediatric patients (2–17 years)
Dosage
3 mg/kg
1 mg/kg
2 mg/kg

Adults
50 mg

100 mg

Cmax (Mg/mL)
9.3
10.8
15.3
3.6
7.1
AUC 0–24 h (Mg·h/mL)
69.0
40.3
83.0
33.9
59.9
T ½ beta (h)
8.2
12.5
13.2
12.5
13.0
CL (L/h/kg)
0.039
0.021
0.020
0.017a
0.018a
VDss (L/kg)
0.44
0.33
0.31
0.31a
0.32a
Pharmacokinetic parameters are expressed as mean values. Data were obtained in groups of 6–15 pediatric
patients or neonates, and compared to those obtained in cohorts of 8–9 adult patients with hematopoietic stem
cell transplantation (Modiﬁed from Refs [22, 160, 161, 163])
a
Weight normalization calculated by assuming an average body weight of 70 kg
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(Table 5) [160, 163] and were selected for the further
pediatric development. Current pharmacokinetic data in
premature neonates indicate a considerably higher clerance rate than in other pediatric age groups and adults and
the potential need for larger doses in these infants [161,
164–166].

Clinical Efﬁcacy
The antifungal efﬁcacy and the dose-response relationship of
micafungin against human Candida infections were investigated in a series of phase II and III clinical trials in mostly
HIV-infected patients with esophageal candidiasis [167–
169]. In a randomized, double-blind clinical trial including a
total of 245 patients t 18 years with HIV-infection and esophageal candidiasis, the endoscopic cure rate was dose-dependent with 68.8%, 77.4%, and 89.8%, respectively, following
50, 100, and 150 mg of micafungin. The endoscopic cure
rate for 100 and 150 mg of micafungin combined (83.5%)
was comparable to that of ﬂuconazole (86.7%) [169]. In a
further randomized, double-blind comparative trial conducted in a total of 523 patients t 16 years with esophageal
candidiasis, micafungin (150 mg) was as effective as ﬂuconazole (200 mg daily) with endoscopic cure rates of 87.7%
versus 88.0%, and recurrence rates at 4-weeks post-treatment
were not different [169].
The efﬁcacy of micafungin as ﬁrst line therapy of invasive Candida infections has been established through two
large randomized, double-blind phase III clinical trials
[126, 170]. The ﬁrst trial compared micafungin 100 mg
daily to liposomal amphotericin B 3 mg/kg daily in a total
of 531 adult patients. Treatment success was deﬁned as
clinical response combined with mycological response at
end of therapy. Candidemia constituted approximately
85% of the cases, and non-albicans infections comprised
approximately 60% of cases. Most patients (88%) were
non-neutropenic. The overall success rate in both treatment arms was similar – 74% of those receiving micafungin and 70% in those receiving liposomal amphotericin
B, and there was no difference in survival [170]. The second trial compared micafungin 100 mg daily and micafungin 150 mg daily to the standard dosage of caspofungin,
50 mg daily, in a total of 595 mostly non-neutropenic
(92%) adults with candidemia and other forms of invasive
candidiasis. At the end of blinded intravenous therapy,
treatment was considered successful for 76.4% of patients
in the micafungin 100 mg group, 71.4% in the micafungin
150 mg group, and 72.3% in the caspofungin group. There
were no signiﬁcant differences in time to culture negativity, mortality, relapses and emerging infections among the
study arms [126]. The clinical efﬁcacy of micafungin
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against invasive candidiasis is further supported by an
open label, non-comparative trial in 126 patients with new
or refractory candidemia who received the drug alone or
in combination with another agent. Complete or partial
responses were observed in 83.3% patients overall without apparent species-related differences [171].
A multi-national, non-comparative open-label clinical
trial investigated micafungin for proven or probable invasive
aspergillosis alone or in combination with another systemic
antifungal agent in 225 patients. A favorable response rate at
the end of therapy was seen in 35.6%. Of those treated only
with micafungin, favorable responses were seen in 6/12 of
the primary and 9/22 of the salvage therapy group. Most
patients were treated with one or two other drugs as well as
micafungin, and the overall response rate for those patients
was 34% [172]. In the subgroup of 98 hematopoietic stem
cell transplant recipients, a partial or complete response was
seen in 3 of 8 patients who were treated with micafungin
alone [173].
Micafungin was also compared with ﬂuconazole for prophylaxis against invasive fungal infections during neutropenia
in patients undergoing hematopoietic stem cell transplantation. In a randomized, double-blind, multi-institutional,
phase III trial involving 882 adult and pediatric patients,
patients received either 50 mg of micafungin (1 mg/kg for
<50 kg body weight) or 400 mg of ﬂuconazole (8 mg/kg for
<50 kg) daily. Success was deﬁned as the absence of suspected, proven, or probable invasive fungal infection (IFI)
through the end of therapy and as the absence of proven or
probable IFI through the end of the 4-week period after treatment. The overall efﬁcacy of micafungin was superior to that
of ﬂuconazole as antifungal prophylaxis (80.0% vs. 73.5%,
p = .03), thus demonstrating efﬁcacy of micafungin for antifungal prophylaxis in neutropenic patients [174] A further,
smaller randomized trial in 106 adult HSCT patients compared prophylaxis with micafungin 150 mg to ﬂuconazole
400 mg. Success, deﬁned the same as noted above, was 94%
in the micafungin-treated patients ans 88% in the ﬂuconazole
recipients [175].
In pediatric patients, efﬁcacy data from substudies of
two large randomized comparative trials have been reported
[174, 176]. In patients undergoing stem cell transplantation,
prophylaxis with micafungin was as effective as prophylaxis
with ﬂuconazole without signals for differences in comparison to the entire study population [174]. Similar observations were made in 98 pediatric patients with invasive
candidiasis or candidemia, 57 of whom were <2 years old
and 19 who were premature neonates. Treatment success
was observed for 35/48 (72.9%) patients treated with micafungin and 38/50 (76.0%) patients treated with liposomal
amphotericin B. Efﬁcacy ﬁndings were independent of neutropenia status, age, and whether the patient was premature
at birth [176].
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Safety and Tolerance
In dose-ranging studies in immunocompromised adult patients,
micafungin was well tolerated during chronic dosing at dosages up to 200 mg or 8 mg/kg daily without reaching a maximum tolerated dose [156, 168, 177]. A pooled analysis from
17 clinical efﬁcacy and safety studies with micafungin, including 3,028 mostly immunocompromised patients who received
at least one single dose of micafungin, has been reported. The
mean age of patients was 41.4 years with 296 (9.8%) children
<16 years and 387 (12.8%) older patients t 65 years. The
median micafungin daily dose was 100 mg for adult patients
and 1.5 mg/kg for children. The mean duration of exposure
was 18 and 29 days, respectively. The most frequently reported
treatment-related adverse events (t 2%) were nausea, vomiting, phlebitis, hypokalemia, fever, and diarrhea. Increases in
liver enzymes occurred in about 2% of patients (2.0%) [178].
In the pivotal comparative studies, micafungin had a similar
safety proﬁle compared to ﬂuconazole and caspofungin and
was better tolerated than liposomal amphotericin B; less than
5% of patients discontinued treatment with micafungin related
to adverse events [126, 168, 170, 174].
Clinical trials in pediatric patients revealed no differences
in safety as compared to adults [163, 174, 176]. In premature
neonates, micafungin has been tolerated without limiting
toxicity or higher rates of adverse events at multiple doses of
up to 15 mg/kg daily [165, 166].
Because of the observation of foci of altered hepatocytes
and hepatocellular tumors after long-term exposure studies
in rats, the European Summary of Product Characteristics
recommends careful monitoring of liver function values during micafungin treatment and early discontinuation in the
presence of signiﬁcant and persistent elevation of liver
transaminases, and also recommends a careful risk/beneﬁt
evaluation, particularly in patients having severe liver function impairment, chronic liver diseases or receiving concomitant hepatotoxic therapy [179]. The clinical relevance of
these observed preclinical ﬁndings, however, is unknown.

Drug Interactions
Studies using human liver microsomes revealed neither
inhibition nor stimulation of CYP1A2, CYP2D6, CYP2E1,
CYP2C9, and CYP2C19 but inhibition of CYP3A4 in a manner
comparable to ﬂuconazole [180–182]. However, studies in
healthy volunteers revealed no drug interaction between micafungin and mycophenolate mofetil, cyclosporine, tacrolimus,
prednisolone, sirolimus, nifedipine, ﬂuconazole, ritonavir,
rifampicin, itraconazole, voriconazole and amphotericin B. In
these studies, no evidence of altered pharmacokinetics of
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micafungin was observed. Exposure (AUC) of itraconazole,
sirolimus, and nifedipine was slightly increased in the presence of micafungin. Patients receiving sirolimus, nifedipine or
itraconazole in combination with micafungin should be monitored for toxicity due to these agents and the dosage of sirolimus, nifedipine or itraconazole should be reduced, if necessary
[10, 179, 183–185].

Approval Status and Dosing
Recommendations
In USA, micafungin is licensed in adults for treatment of esophageal candidiasis, candidemia, acute disseminated candidiasis,
Candida peritonitis and abscesses, and as prophylaxis against
Candida infections in patients undergoing hematopoietic stem
cell transplantation [183]. In Europe, micafungin is approved
for treatment of esophageal candidiasis in patients t 16 years of
age for whom intravenous therapy is appropriate, for treatment
of invasive candidiasis in all age groups, and for prophylaxis of
Candida infection in patients undergoing allogeneic hematopoietic stem cell transplantation or patients who are expected to
have neutropenia for >10 days [179].
The recommended dosage regimens approved by both the
FDA and the EMEA for adults is 150 mg for esophageal candidiasis,100 mg for invasive candidiasis, and 50 mg for prophylaxis of Candida infections, administered once daily over
1 h. The corresponding regimens approved by the EMEA in
pediatric patients d 40 kg of body weight are 3, 2, and 1 mg/kg,
respectively. In patients with invasive candidiasis, the option
of dose escalation to 200 mg or 4 mg/kg, respectively, in
patients with persistent clinical or microbiological ﬁndings
is offered [179, 183].
No dosage adjustments are required based on race, gender, in patients with renal insufﬁciency, or in patients with
mild to moderate hepatic insufﬁciency (Child-Pugh category
A and B). No recommendations exist for patients with severe
hepatic insufﬁciency (Child-Pugh category C).
Micafungin has been shown to cross the placental barrier
and to be embryotoxic in laboratory animals. Adequate data
in pregnant and lactating women do not exist, and the compound should only be used if the potential beneﬁt justiﬁes
the risk to the fetus [179, 183].
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Terbinaﬁne
Peter G. Pappas

Terbinaﬁne is an oral and topical antifungal agent in the
allylamine class of antifungal compounds [1]. Discovered in
1983, it is closely related to naftiﬁne. It became available in
Europe in 1991, and in 1996 in the United States. Terbinaﬁne
is the only oral allylamine available in the United States
and is used largely for the treatment of superﬁcial fungal
infections, especially those due to dermatophytes. There has
been signiﬁcant interest in developing the drug for the
treatment of deep mycoses, either alone or in combination,
for disorders such as cryptococcosis, invasive aspergillosis,
and other mould infections, but there are only scant clinical
data evaluating its efﬁcacy in these settings. Terbinaﬁne is a
valuable antifungal drug for the treatment of superﬁcial
fungal infections, and has potential as an adjunctive agent in
the treatment of selected deep mycoses.

Pharmacodynamics
Mechanism of Action
The mechanism of action of terbinaﬁne is through inhibition
of the synthesis of ergosterol, a key sterol component in the
plasma membrane of the fungal cell [1, 2]. Terbinaﬁne inhibits squalene epoxidase, the enzyme which catalyzes the conversion of squalene to squalene-2,3 epoxide, a precursor of
lanosterol, which in turn is a direct precursor of ergosterol [3,
4]. A deﬁciency of ergosterol is detrimental to the integrity
of the cell membrane resulting in a fungistatic effect similar
to that seen with the azole antifungal compounds. In addition
to this action, terbinaﬁne also causes excessive intracellular
accumulation of squalene, which is believed to exert a further toxic effect on susceptible fungal cells, thereby exerting
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a fungicidal effect [5]. In this regard, the mechanism of
action of terbinaﬁne is distinct from that of the azoles even
though both compounds inhibit ergosterol biosynthesis
through interruption of the synthesis of its precursors.
Terbinaﬁne has a strong afﬁnity for fungal cell enzymes, but
unlike the azoles, terbinaﬁne has a very low afﬁnity for the
human cytochrome P-450 family of enzymes [6, 7]. This low
afﬁnity for the mammalian P-450 enzymes probably accounts
for the favorable adverse event proﬁle of terbenaﬁne and the
relatively few drug–drug interactions.

Antifungal Spectrum
Terbinaﬁne is a very broad spectrum antifungal agent, exhibiting the best activity against the dermatophytes of all the
antifungal agents [8–12]. Terbinaﬁne also demonstrates
meaningful in vitro activity against many Aspergillus species
including A. fumigatus, A. ﬂavus, A. niger, and A. ustus [10,
13–15]. Other moulds that appear susceptible based on
in vitro testing include many of the dematiaceous fungi such
as Fonsecaea and Cladophialophora species [16] and the
agents of eumycetoma [17]. Single case reports of successful
therapy with terbinaﬁne in patients with disseminated
Phialophora parasitica [18], subcutaneous Exophiala
jeanselmei [19], and Curvularia lunata endocarditis [20]
suggest clinically relevant antifungal activity against these
dematiaceous pathogens. Terbinaﬁne does not consistently
demonstrate signiﬁcant in vitro activity against the hyaline
moulds such as Fusarium species, Paecilomyces spp.,
Scedosporium spp., Scopulariopsis spp., or the zygomycetes,
but there are reports of successful therapy with terbinaﬁne
alone or in combination with other antifungal agents for
many of these pathogens [21–25]. The in vitro activity of terbinaﬁne versus selected dermatophytes and moulds is demonstrated in Tables 1–3.
Terbinaﬁne demonstrates good in vitro activity against
C. neoformans [16, 26], but it has relatively poor activity
against other yeasts, including many Candida species with
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Table 1 Minimum inhibitory concentrations of terbinaﬁne against
selected dermatophytes
Organism
MIC range (Pg/mL)
Epidermophyton ﬂoccosum
Microsporum audouinii
Microsporum canis
Microsporum gypseum
Microsporum persicolor
Trichophyton mentagrophytes
Trichophyton mentagrophytes var.
interdigitale
Trichophyton rubrum
Trichophyton simii
Trichophyton tonsurans
Trichophyton violaceum
Trichophyton verrucosum
MIC, minimum inhibitory concentration

0.001–0.05
0.001–0.04
0.0001–0.1
0.003–0.04
0.002–0.003
0.0001–0.05
0.002–0.005
0.001–0.15
0.1–0.25
0.003–0.25
0.001–0.1
0.001–0.006

Table 2 Minimum inhibitory concentrations of terbinaﬁne against
selected ﬁlamentous fungi
Organism
MIC range (Pg/mL)
Acremonium spp.
Aspergillus ﬂavus
Aspergillus fumigatus
Aspergillus nidulans
Aspergillus niger
Aspergillus terreus
Aspergillus ustus
Fusarium moniliforme
Fusarium oxysporum
Fusarium solani
Mucor spp.
Paecilomyces spp.
Penicillium spp.
Pseudallescheria boydii
Rhizopus spp.
Scopulariopsis brevicaulis
MIC, minimum inhibitory concentration

0.25–8
0.01–1
0.02–5
0.02–0.5
0.005–2.5
0.04–5
0.1–0.5
0.5–10
0.25–20
1–128
64–128
1–64
1–5
10–64
64–100
0.5–8

the exception of C. parapsilosis [27, 28]. Moreover, terbinaﬁne is fungistatic against all of the Candida spp. Table 4
summarizes the in vitro activity against selected yeasts.
Terbinaﬁne demonstrates excellent activity against some
of the dimorphic fungi, including Sporothrix schenckii, against
which it exhibits MICs comparable to some of the azole antifungal compounds, including itraconazole [8, 16]. In vitro
activity against other dimorphic fungi, such as Blastomyces
dermatitidis, Histoplasma capsulatum, and Coccidioides species is good [10, 16]. There are few in vitro or clinical data
concerning the use of terbinaﬁne against the other dimorphic
fungi, Penicillium marneffei and Paracoccidioides brasiliensis. The in vitro susceptibility data for these dimorphic pathogens are shown in Table 5. Finally, terbinaﬁne combined with
amphotericin B, caspofungin, and selected azoles demonstrates modest additive or synergistic in vitro activity against
Pythium insidiosum [29–31].

Table 3 Minimum inhibitory concentrations of terbinaﬁne against
selected dematiaceous fungi
Organism
MIC range (Pg/mL)
Alternaria alternata
Cladophialophora bantianum
Cladosporium carrionii
Curvularia lunata
Curvularia fallax
Dactylaria constricta
Drechslera rostrata
Exophilia jeanselmei
Fonsecaea compacta
Fonsecaea pedrosoi
Madurella mycetomatis
Madurella grisea
Madurella spp.
Phaeoannellomyces werneckii
Phialophora verrucosa
Phialophora parasitica
Wangiella dermatitidis
MIC, minimum inhibitory concentration

0.6–5
0.012–1
0.04–1.25
0.2–2
0.25–0.5
0.01–0.03
10
0.06–2.5
0.04
0.04–0.13
0.01–1
0.01–2.5
1–4
0.04–4
0.04–0.13
0.1
0.001–0.08

Table 4 Minimum inhibitory concentrations of terbinaﬁne against
selected yeasts
Organism
MIC range (Pg/mL)
Candida albicans
Candida glabrata
Candida guilliermondii
Candida humicola
Candida kefyr
Candida krusei
Candida parapsilosis
Candida tropicalis
Cryptococcus laurentii
Cryptococcus neoformans
Malassezia furfur
Rhodototula rubra
Trichosporon asahii
MIC, minimum inhibitory concentration

0.03–128
10–128
0.8–128
1
0.5–50
10–100
0.03–10
1.2–128
0.08–0.6
0.06–2
0.06–80
2.5–5
0.5–128

Table 5 Minimum inhibitory concentrations of terbinaﬁne against
selected dimorphic fungi
Organism
MIC range (Pg/mL)
Blastomyces dermatitidis
Coccidioides species
Histoplasma capsulatum
Paracoccidiodes brasiliensis
Sporothrix schenckii
MIC, minimum inhibitory concentration

0.04–1.25
0.3–0.6
0.04–0.2
0.04–0.16
0.05–2

Pharmacokinetics
Oral
Terbinaﬁne for systemic use is only formulated for oral
administration. There is no intravenous formulation, in part

Terbinaﬁne

due to the drug’s signiﬁcant lipophilicity. Terbinaﬁne is wellabsorbed following oral dosing with at least 80% bioavailability [32, 33]. The drug demonstrates linear kinetics over a
broad range of therapeutic doses with a proportional increase
in the area under the curve (AUC) with increasing dose. Peak
serum concentrations are achieved within 2 h following oral
administration in both adults and children, although at similar doses, peak concentrations are somewhat higher in adults
than in children [34]. Peak concentrations in adults following a 125 mg (2 mg/kg) dose range from 0.3 to 0.9 Pg/mL,
whereas the same dose in children (125 mg or 5 mg/kg)
yields peak concentrations ranging between 0.4 and 1.0 Pg/
mL [34]. Absorption does not appear to be inﬂuenced by
coadministration of food, antacids, most H-2 receptor antagonists, or proton pump inhibitors. Coadministration with
rifampin may, however, signiﬁcantly increase clearance,
and cimetidine can cause a 33% decrease in clearance of
terbinaﬁne [7].
The drug is lipophilic and highly bound to plasma proteins (95%), and achieves its highest concentrations in adipose tissue and the keratinous tissues of the skin, nails, hair,
and in sebum [35]. Concentrations in these tissues may be
tenfold higher than simultaneous levels found in plasma.
Because of the unique afﬁnity of terbinaﬁne for keratinous
tissue, therapeutic levels can be found in stratum corneum,
hair, and nails for up to 12 weeks following discontinuation
of therapy. Moreover, measurable concentrations of terbinaﬁne may be found in nail clippings up to 10 months following discontinuation of a limited course (1–4 weeks) of
terbinaﬁne [35, 36]. Among the antifungal agents, only
itraconazole possesses this unique afﬁnity for keratinous
tissue and demonstrates similarly prolonged levels in skin
and nails.
Metabolism is primarily hepatic, and at least 15 metabolites have been identiﬁed, although none of these demonstrate signiﬁcant anti-fungal activity [37]. Approximately
80–85% of terbinaﬁne metabolites are excreted in the urine
and 15–20% are excreted in the bile. The elimination halflife in normal adults is approximately 26 h [38]. Among
patients with signiﬁcant renal or hepatic dysfunction, drug
elimination may be delayed [34]. Accordingly, it has been
suggested that the dosing amount be reduced by 50% without altering frequency of administration among patients with
either signiﬁcant renal or hepatic dysfunction.

Topical
Topical terbinaﬁne is widely available as an over-the-counter
preparation for milder forms of dermatomycosis and onychomycosis. It is not absorbed systemically in any measurable quantity, but signiﬁcant levels are achieved in the stratum
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corneum and the nails although these levels do not approach
those achieved with oral terbinaﬁne [39, 40].

Dosing and Administration
Terbinaﬁne is available in 250 mg tablets and in a topical 1%
ointment. Because of its extended half-life with oral administration (approximately 26 h), the drug can be dosed once
daily. When higher doses (t1,000 mg per day) are given, it is
recommended to split the daily dose to limit gastrointestinal
disturbances. Topical therapy is administered twice daily.
Duration of therapy for oral terbinaﬁne is dependant on the
condition being treated. For most cases of onychomycosis,
courses of 3 months may be successful, although courses
from 6 to 12 months may be necessary to achieve a lasting
response [41]. For sporotrichosis, courses of 3–12 months
have been used successfully for patients with uncomplicated
cutaneous disease [42, 43]. For other invasive mycoses, few
data are available concerning length of oral therapy.

Clinical Uses
Onychomycosis
The term tinea unguium refers to nail infections caused by typical dermatophytes whereas onychomycosis refers to the broader
category of nail, infections that also includes nondermatophytic
fungi and yeasts. There is considerable clinical overlap in these
two entities and few clinical clues to distinguish from among
the wide assortment of causative agents [44]. Several openlabel and placebo-controlled studies have been performed to
evaluate oral terbinaﬁne for the treatment of onychomycosis
[41, 45]. Mycologic response rates for toenail infections treated
with terbinaﬁne, 250 mg daily, range between 82% and 92%
among patients given 3–6 months of therapy [46, 47]. Clinical
cure rates are slightly less than mycologic response rates. For
ﬁngernail infections, response rates of 70% at 3 months of
therapy and 100% at 6 months have been achieved [48–53].
Surgical or chemical removal of the nail in conjunction with
oral terbinaﬁne does not appear to enhance the efﬁcacy of terbinaﬁne alone for onychomycosis [54].
Based on results of comparative trials, terbinaﬁne demonstrates greater efﬁcacy than griseofulvin for both ﬁngernail
and toenail onychomycosis [41, 47, 55, 56]. Given the availability of safe and more effective preparations such as terbinaﬁne and itraconazole, griseofulvin has largely fallen into
disuse, having been superceded by these two newer oral
antifungal agents. Studies comparing itraconazole 200 mg
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daily and terbinaﬁne 250 mg daily administered for 3 months
suggest similar efﬁcacy. These compounds are associated
with mycologic cure rates ranging from 67% to 92%, and
clinical cure rates from 63% to 80% [41, 45, 57].

Tinea Capitis
Tinea capitis, usually caused by Trichophyton tonsurans, is
unique among the dermatophytoses in that it does not usually
respond to topical antifungal therapy. Terbinaﬁne has potent
in vitro activity versus T. tonsurans [58]. Accordingly, oral
terbinaﬁne has been evaluated for the treatment of children
with tinea capitis, effecting clinical cure rates of 80–100%
and mycologic cure rates between 90% and 100% [34, 59,
60]. Compared to griseofulvin in randomized, double-blind
studies, clinical cure rates are generally higher with terbinaﬁne (90% vs 80%). Mycologic cure rates are similar [41].
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Chromoblastomycosis
Chromoblastomycosis is a tropical fungal disease characterized by dense dermal ﬁbrosis associated with organized
granulomata. The agents of chromomycosis are typically
dematiaceous (pigmented) fungi, and include such organisms as Fonsecea pedrosoi and Cladosporium carrionii.
There has been sporadic use of terbinaﬁne for patients with
chromoblastomycosis [65]. In the largest study to date,
42 patients from Madagascar received terbinaﬁne 500 mg
daily for up to 1 year, and experienced 12-month mycologic
and clinical cure rates of 85% and 74%, respectively [66].
While other experience with terbinaﬁne for this disorder is
limited to a small series of case reports [67–69], terbinaﬁne
appears to be a promising agent among patients with this
very difﬁcult to treat disease.

Fungal Mycetoma
Other Superﬁcial Mycoses
For other superﬁcial dermatophyte infections such as tinea
corporis, tinea cruris, tinea imbricata, and tinea pedis due to
a variety of dermatophytes including Trichophyton rubrum,
T. mentagrophytes, Microsporum canis, and Epidermophyton
ﬂoccosum, oral terbinaﬁne is quite effective, but for most
patients with these conditions, topical therapy can be used
with excellent results. Ordinarily, for patients with superﬁcial mycoses not involving nails and/or scalp, topical therapy
with terbinaﬁne is an appropriate alternative to systemic
antifungal therapy with terbinaﬁne or itraconazole.

Sporotrichosis
Among the deep mycoses, there has been the most experience with terbinaﬁne for the treatment of sporotrichosis, and
there have been limited reports of success with terbinaﬁne at
daily doses as low as 125 mg per day for 3–18 months [42,
61–63]. A large randomized double-blind trial compared two
doses of terbinaﬁne, 500 and 1,000 mg daily, administered
for up to 24 weeks among 63 patients with cutaneous or lymphocutaneous sporotrichosis [43]. Mycological and clinical
response rates were 87% with 1,000 mg daily and 52% with
500 mg daily. This success rate is not surprising given the
signiﬁcant concentration of terbinaﬁne in the skin as well as
excellent in vitro activity against S. schenckii. These response
rates with terbinaﬁne are similar to those with itraconazole
for the treatment of cutaneous sporotrichosis [64].

There are at least 16 different fungal organisms that can
cause fungal mycetoma. Terbinaﬁne has been used sporadically at doses of 500 or 1,000 mg daily with some encouraging results [70]. For most cases of fungal mycetoma, a
combined surgical and antifungal approach is necessary to
achieve optimum response. No randomized and controlled
studies for this disorder have been performed.

Other Endemic Mycoses
Terbinaﬁne demonstrates excellent in vitro activity versus H.
capsulatum and B. dermatitidis, and a few patients have
received terbinaﬁne for treatment of infections due to these
organisms with encouraging results [70]. Terbinaﬁne might
be considered as potential salvage therapy among patients
unable to tolerate any azole drug or amphotericin B. However,
given the current availability of very effective azole compounds for these conditions, it is very unlikely that terbinaﬁne
will be studied prospectively for treatment of these mycoses.

Combination Therapy for Other
Deep Mycoses
One potential use of terbinaﬁne is for combination therapy
with other approved antifungal agents for patients with cryptococcosis and invasive mould infections. In vitro data supporting the activity of terbinaﬁne against C. neoformans led
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to the use of terbinaﬁne combined with ﬂuconazole or
amphotericin B in selected patients with acute CNS cryptococcosis. No signiﬁcant drug–drug interactions have been
observed and this combined therapeutic approach appears to
be well tolerated. Prospective data assessing this approach
have been not well documented.
Among patients with invasive mould disease, especially
invasive aspergillosis [71], terbinaﬁne has been an attractive
potential agent for combination therapy with either amphotericin B or a triazole, such as itraconazole or voriconazole
[72]. No prospective randomized studies have been done, but
small series and sporadic case reports suggest a favorable
response among highly selected patients with a combination
of terbinaﬁne with another antifungal agent, usually voriconazole [15, 73]. Up to 2,000 mg per day of terbinaﬁne has
been given successfully with stable clinical outcome and has
been well tolerated [15, 70].

Adverse Effects
Oral terbinaﬁne appears to be well tolerated in the vast
majority of patients, and few drug–drug interactions occur.
In the largest study of its kind, adverse effects were assessed
in a postmarketing study involving 25,884 patients who had
received terbinaﬁne [74]. These data demonstrated that
10.5% of patients experienced a drug-associated adverse
event. A more recent survey suggested a lower incidence of
signiﬁcant adverse events (2%) [75]. The most common side
effects are gastrointestinal tract symptoms, including nausea,
diarrhea, abdominal pain, and dyspepsia, which occurred in
about 5% of patients. Skin disorders are the second most
common adverse event, affecting fewer than 3% of patients.
Most of the cutaneous adverse effects are benign rashes;
however, several patients developed erythema multiforme
[74], psoriasis [76], and generalized pustular eruptions
[77, 78]. Hepatobiliary adverse events have been reported in
fewer than 1% of patients and include cholestatic jaundice
with mild to moderate hepatocellular dysfunction [79–83].
Terbinaﬁne-induced hepatic failure requiring liver transplantation has been reported [84]. Less commonly reported
adverse events include neutropenia [85–87], thrombocytopenia [88], toxic epidermal necrolysis [89], angioedema [74],
bullous pemphigoid [90] cutaneous lupus erythematosus
[91–94], dermatomyositis [95], and optic atrophy [96].
Despite the frequent concomitant use of other medications, including immunosuppressive agents as well as any
other systemic antifungal compounds, terbinaﬁne is an
uncommon cause of signiﬁcant drug–drug interactions
[2, 7, 97]. The lack of interaction of terbinaﬁne with the
mammalian cytochrome P-450 enzyme system is believed
to be responsible for this important characteristic. Unlike

the azole antifungal compounds, terbinaﬁne does not appear
to signiﬁcantly alter the metabolism of cyclosporine,
tacrolimus, or sirolimus.

Summary
Terbinaﬁne is a broad spectrum oral and topical antifungal
agent that possesses a unique mechanism of activity distinct from other available systemic antifungal agents. Most
clinical experience with this antifungal has been in the
treatment of onychomycosis and other superﬁcial fungal
infections, but there is a growing body of experience with
terbinaﬁne for the treatment of deeper mycoses, especially
cutaneous and lymphocutaneous sporotrichosis. The potential for use of terbinaﬁne as a combination agent with
another antifungal drug for the treatment of cryptococcosis
and invasive mould disease is intriguing, but remains largely
unexplored.
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Antifungal Pharmacokinetics and Pharmacodynamics
David R. Andes and Alex J. Lepak

The critical role of pharmacokinetics and pharmacodynamics
in the selection and dosing of antimicrobial therapeutics,
including antifungal agents, has gained increasing recognition [1–4]. The study of pharmacokinetics involves
understanding the interaction of a drug with the host,
including measurements of absorption, distribution,
metabolism, and elimination. The study of antimicrobial
pharmacodynamics provides insight into the link between
drug pharmacokinetics, in vitro susceptibility, and treatment outcome. Knowledge of the pharmacokinetic/pharmacodynamic index and magnitude associated with
efﬁcacy can be helpful for clinicians to predict therapeutic
success/failure, guide optimal dosing levels and intervals,
aid in susceptibility breakpoint development, guide therapeutic drug monitoring, and limit potential adverse outcomes, including toxicity and the development of
resistance [5–8]. Numerous in vitro, animal, and clinical
studies have been instrumental in characterizing the pharmacodynamic activity of the clinically available antifungal drug classes, including triazoles, polyenes, ﬂucytosine,
and echinocandins [6–18]. The analyses of data with these
antifungal drug classes have identiﬁed distinct pharmacodynamic characteristics that result in different optimal
dosing strategies. Accumulating clinical data have also
become available with several antifungals that allow pharmacodynamic data analyses [19–25]. Most often the
results of these investigations have corroborated information from experimental models. The following chapter
outlines the pharmacodynamic characteristics of antifungals and presents evidence of the clinical relevance of
these concepts.
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Pharmacokinetic Concepts
Pharmacokinetic studies describe how the body handles a
drug, including absorption, distribution, binding to serum
and tissue proteins, metabolism, and elimination [1].
Antifungal drug concentrations have been well characterized
in numerous body ﬂuids and tissues, including serum, urine,
cerebrospinal ﬂuid (CSF), vitreous body, epithelial lining
ﬂuid, bronchoalveolar lavage ﬂuid, brain, lung, and kidney.
The pharmacokinetic goal of antifungal therapy is to achieve
adequate drug concentrations at the site of infection. This
begs the rather simplistic question, where is the fungus relative to the antifungal drug? The site of infection for fungal
pathogens can range from the bloodstream, where one would
expect serum measurements to be of importance, to various
tissue sites for which tissue drug concentrations may be of
greater interest. Most pathogenic fungi exist primarily in
extracellular tissue ﬂuid; thus, even at tissue sites of infection serum measurements serve as a reliable tissue concentration surrogate.
The body sites for which tissue antifungal concentrations
have been suggested to be most important include the brain
parenchyma and the vitreous body [26]. Outcomes of infection at other tissue sites have correlated well with serum concentrations. For example, Groll and colleagues examined the
relationship between efﬁcacy and CSF and brain kinetics for
several amphotericin B (AmB) preparations [27]. The CSF
concentrations of four polyene compounds were remarkably
similar. Brain tissue concentrations of liposomal AmB
(LAmB), however, were from six- to tenfold higher than the
other polyene preparations. The burden of Candida in the
brains of rabbits following therapy correlated well with brain
tissue penetration of the various drugs.
Another pharmacokinetic factor shown to impact the
availability of antimicrobial compounds in tissue is binding
to serum proteins such as albumin. In general it is accepted
that only unbound (free) drug is pharmacologically active
[28, 29]. This is related to the limited ability of protein-bound
drug to diffuse across tissue and cellular membranes to reach
the drug target. The relevance of protein binding has been
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most clearly demonstrated for drugs from the triazole class,
in which there are marked differences in degree of binding
among the drugs [1, 11, 12, 15, 30]. The studies demonstrating these ﬁndings are discussed later.
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First, what is the pharmacodynamic index associated with
treatment efﬁcacy? Second, what is the magnitude of the
pharmacodynamic index needed for efﬁcacy, or simply put,
how much drug is needed for efﬁcacy? Finally, do the pharmacodynamic results from experimental models predict outcome in patients?

Pharmacodynamic Concepts
Pharmacodynamics examines the relationship between pharmacokinetics and outcome. An added dimension of antimicrobial pharmacodynamics is consideration of the drug
exposure relative to a measure of in vitro potency or the minimum inhibitory concentration (MIC) (Fig. 1). Three pharmacodynamic indices have been used to describe these
relationships, including the peak concentration in relation to
the MIC (Cmax/MIC), the area under the concentration curve
in relation to the MIC (24 h area under the concentration
curve, AUC/MIC), and the time that drug concentrations
exceed the MIC expressed as a percentage of the dosing
interval (%T > MIC). Knowledge of which of the three pharmacodynamic indices describes antifungal activity provides
the basis for determining the frequency with which a drug is
most efﬁcaciously administered. For example, if the Cmax/
MIC index relationship strongly correlates with activity of
drug A, the optimal dosing schedule would provide large
infrequent doses. Conversely, if the %T > MIC better
describes drug activity, a dosing strategy may include smaller
more frequent or even continuous drug administration to
prolong the period of time that drug levels exceed the MIC.
Traditionally, three pharmacodynamic questions have
been addressed in studies designed to deﬁne these concepts.

Concept 1: Impact of Antifungal Concentration
on Activity over Time
Two observations have been made in examining the impact of
escalating antifungal drug concentrations on fungal viability
over time. First is the ﬁnding that for some drugs, increasing
drug concentrations above the MIC enhances the rate and
extent of organism death. When higher concentrations enhance
killing, the pharmacodynamic pattern of activity is referred to
as concentration-dependent killing. The second observation
was noted during periods long after drug exposure (after the
antimicrobial is no longer present or present at concentrations
below the MIC). For some drugs there is a period of prolonged
growth suppression following the initial supra-MIC exposure.
This period of growth suppression is termed a post-antifungal
effect (PAFE) [31, 32]. Three combinations of these time-kill
end point characteristics have been described, and each combination is typically associated with one of the pharmacodynamic
indices. The Cmax/MIC is associated with concentrationdependent killing and prolonged PAFEs. The %T > MIC is
associated with concentration-independent killing and short
PAFEs. The AUC/MIC is associated with prolonged PAFEs
and either concentration-dependent or -independent killing.

Concept 2: Impact of Dosing Interval
Variation or Fractionation

Fig. 1 Pharmacokinetic/pharmacodynamic relationship of antifungal
drug concentration over time relative to organism minimum inhibitory
concentration (MIC). Pharmacodynamic indices include the maximum
or peak drug concentration relative to MIC (Cmax/MIC), the area under
the drug concentration curve relative to MIC (AUC/MIC), and time that
the concentration of drug exceeds the MIC (Time > MIC). Also represented is the post-exposure period, which represents the time period of
drug exposure that is below the MIC in which many antifungals express
continued antifungal effect, termed the post-antifungal effect (PAFE)

A second experimental design used to determine which pharmacodynamic index is predictive of efﬁcacy is termed dose
fractionation. Traditional dose escalation studies use a single
dosing interval. With only a single dosing interval, escalating
doses increase the values of all three indices. Dose fractionation studies examine efﬁcacy of various dose levels that are
administered by using three or more dosing intervals. In
examining treatment results, if the regimens with shorter
dosing intervals are more efﬁcacious, the time-dependent
index (T > MIC) is the more important index. If the large,
infrequently administered dosing regimens are more active,
the peak level in relation to the MIC is most predictive.
Finally, if the outcome is similar with each of the dosing
intervals, the outcome depends on the total dose or the AUC
for the dosing regimen.
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Concept 3: Pharmacodynamic Target

Several of these in vitro models have also demonstrated
prolonged persistent growth suppression following drug
exposure and removal (PAFE). The duration of these persistent effects was also linearly related to the concentration of
the AmB exposure. For example, the longest periods of
in vivo growth suppression were nearly an entire day (>20 h)
following a single high dose of AmB in neutropenic mice
[14]. For drugs displaying this pattern of activity the Cmax/
MIC ratio has most often been the pharmacodynamic index
predictive of efﬁcacy.

Knowledge of the pharmacodynamic characteristics of a
compound allows one to better design a dosing interval strategy. This knowledge can also be useful to design studies to
determine the amount of drug or index magnitude that is
associated with treatment efﬁcacy. For example, what pharmacodynamic magnitude of a drug is needed to treat a
Candida infection? Is this pharmacodynamic magnitude the
same as that needed to treat a drug-resistant Candida infection? Is the magnitude similar for other fungal species, for
different infection sites, in different animal species? The
answers to these questions have been explored and most
times successfully addressed using a variety of infection
models. The results of these studies have demonstrated that
the magnitude of a pharmacodynamic index associated with
efﬁcacy is similar for drugs within the same class, provided
that free drug levels are considered. The pharmacodynamic
evaluation of each antifungal drug class and the clinical
implications of these studies are detailed in subsequent
sections.

Concept 4: Clinical Pharmacodynamics
The ﬁnal and most important pharmacodynamic question
involves determining if the results from the experimental
model investigations are helpful for predicting efﬁcacy in
patients. The analysis needed for this correlation requires
clinical data sets that include drug dose or drug concentration monitoring, organism MIC, and treatment efﬁcacy.
These data can be used to determine the pharmacodynamic
exposure associated with an acceptable outcome and to
determine which treatment end point from preclinical models (e.g., 50% maximal effect or the static dose) correlates
with efﬁcacy in patients.

Polyenes
Impact of Antifungal Concentration
on Activity over Time
In vitro polyene time-kill studies have been undertaken with
numerous yeast and ﬁlamentous fungal pathogens [5, 7, 13,
14, 18, 27, 32–37]. The majority of studies have been undertaken with AmB or one of the lipid formulations of this drug.
Each of these studies has demonstrated marked concentration-dependent killing and maximal antifungal activity at
concentrations exceeding the MIC from two- to tenfold.

Impact of Dosing Interval Variation
or Fractionation
In vivo dose fractionation studies with AmB in an in vivo
Candida model demonstrated optimal efﬁcacy when large
doses were administered infrequently, and pharmacodynamic
analysis of the dose fractionation data illustrate that the
Cmax/MIC index best predicts efﬁcacy [14]. With each
increase in length of the dosing interval from every 12 h to
every 72 h, efﬁcacy was enhanced, and the dose needed to
achieve a net static effect was up to tenfold lower when
administered with the most widely spaced dosing interval. A
similar experimental approach was undertaken in an in vivo
Aspergillus model [38]. Over a fourfold total dose range, the
lung burden of Aspergillus was signiﬁcantly lower when
AmB was administered every 72 h compared to every 24 h or
every 8 h. The results of these experiments corroborate the
importance of the Cmax/MIC pharmacodynamic index and
suggest that the pharmacodynamic driver of efﬁcacy is similar among yeast and ﬁlamentous fungi.

Pharmacodynamic Target
In vivo study with AmB against multiple Candida species in
a neutropenic disseminated candidiasis model observed a net
static effect (growth inhibition) when the Cmax/MIC ratio
approached values of 2–4 [14]. Maximal microbiologic efﬁcacy against these strains in the same model was observed
with ratios near 10. Similar investigation of efﬁcacy in a
murine pulmonary aspergillosis model demonstrated maximal efﬁcacy with Cmax/MIC exposures in the range of 2–4
[38]. These most recent studies with Aspergillus address a
critical gap in knowledge and suggest that at least for AmB,
both the pharmacodynamic pattern of efﬁcacy and the pharmacodynamic target are similar among fungal species.
It is generally accepted that the lipid formulations of AmB
are not as potent in vivo as conventional AmB on a weight
(mg/kg) basis. Each of the lipid formulations is complexed to
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a different lipid and exhibits unique pharmacokinetic
characteristics [39]. For example, LamB, which utilizes
small unilamellar particles, liposomes, exhibits both high
serum and CNS concentrations that are hypothesized to be
due to the large serum: CNS gradient relative to the other
AmB preparations [27]. Conversely, amphotericin B lipid
complex (ABLC) and amphotericin B colloid dispersion
(ABCD) achieve higher concentrations in the intracellular
space and in organs of the reticuloendothelial system. Several
studies have also suggested that ABLC attains higher concentrations in the lung than other formulations [40, 41].
Recent investigations have explored the impact of these
pharmacokinetic differences on pharmacodynamic outcomes. For example, a study in an in vivo candidiasis model
demonstrated that the difference in potency among the lipid
preparations in the lungs, kidneys, and liver were congruent
with tissue kinetics in these organs [13]. A novel study in a
CNS candidiasis model examined the relationship between
kinetics in serum, CSF, and brain parenchyma [27]. The
kinetic studies demonstrated no signiﬁcant difference in CSF
concentrations, but higher brain concentrations of LAmB.
The brain parenchymal differences in kinetics correlated
closely with treatment efﬁcacy in the model for which LAmB
appeared to hold an advantage.
Similar investigations in Aspergillus pneumonia models
have included assessment of lung tissue concentrations [41].
These studies have also suggested a relationship between
these lung tissue site concentrations and efﬁcacy. In this case,
these pharmacodynamic investigations appear to favor
ABLC. Recent studies have also begun to consider compartmental pharmacokinetics in the lung [40]. Speciﬁcally, a
study in a murine model examined total lung, epithelial lining ﬂuid, and pulmonary macrophage concentrations of each
of the AmB preparations. As in previous studies, ABLC produced higher lung concentrations (70-fold higher than serum
concentrations); however, a large amount of the compound
appeared to reside in the pulmonary alveolar macrophages.
The highest epithelial lining ﬂuid concentrations were noted
in LAmB-treated animals. Determination of the impact of
these pharmacokinetic differences has not yet been
reported.

Clinical Relevance
The pharmacokinetics of conventional AmB and the various
lipid formulations have been carefully characterized in serum
and tissues for several patient populations. Several investigations have attempted to demonstrate a correlation between
AmB MIC and outcome [42, 43]. Most of these studies have
found it difﬁcult to discern MIC impact. We hypothesize that
this is related to the narrow MIC and dose range in these
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studies, making it difﬁcult to have enough Cmax/MIC or
AUC/MIC variation to correlate with outcome. We are aware
of only a single investigation that has attempted to correlate
individual patient pharmacokinetics, MIC, and outcome with
polyenes [44]. The study examined LAmB kinetics and outcome of invasive fungal infections in pediatric patients. In
this small study, data from a subset of patients provided
detailed kinetics, MIC, and outcome. The results demonstrate a statistically signiﬁcant relationship between Cmax/
MIC ratio and outcome. Maximal efﬁcacy was observed
with LAmB serum Cmax/MIC ratios greater than 40. This
value is similar to that observed in the animal model studies
described earlier when using serum LAmB measurements.
This small study demonstrates that pharmacodynamic investigation with a drug from the polyene class can produce
meaningful results that are congruent with those from preclinical infection models.
One large clinical study with LAmB tested the impact of
dose escalation and observed conﬂicting results. Cornely
et al. compared standard dosing of LAmB (3–5 mg/kg/day)
to higher initial doses (10 mg/kg/day) for initial treatment of
invasive mold infections [45]. The study was a multicenter,
prospective, randomized, double-blinded, trial comparing
LAmB administration at 3 mg/kg/day to that of 10 mg/kg/
day for the ﬁrst 14 days of a proven or probable invasive
mold infection. After 14 days all patients continued with
regular dosing of 3 mg/kg/day. The patient population was
overwhelmingly represented by hematologic malignancy
(93%), neutropenia (73% at baseline and 90% within 60 days
of enrollment), pulmonary site of infection (90%), and aspergillosis as the infecting agent (97%). There was no statistically signiﬁcant difference in outcomes between the two
groups in regard to response rates; however, there were signiﬁcant differences in renal toxicity, with 31% doubling of
creatinine in the high-loading-dose arm versus 14% in the
conventional dose arm. In addition, discontinuation of treatment prior to completion of the initial 14 days was higher in
the high-dose group (24% vs. 13%). The conclusions from
this study are that administration of higher dosages of LAmB
for the ﬁrst 14 days does not improve outcomes and leads to
increased risks of toxicity and cost in patients primarily with
hematologic malignancy, neutropenia, and pulmonary aspergillosis. From a pharmacodynamic perspective one may
speculate (1) that the concentration-effect relationship is
either maximal at the 5 mg/kg dose level, (2) that the threefold change in dose level was not enough to discern an efﬁcacy difference, or (3) perhaps more likely, the toxicity of the
drug at high concentration outweighed any efﬁcacy beneﬁt.
One additional exploration of AmB dosing regimens has
been in the area of toxicodynamics. Investigators have theorized that toxicity, like efﬁcacy, is related to high AmB concentrations. It follows that administration of the total daily
dose by continuous infusion would result in lower peak
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concentrations and thus reduced toxicity. Several small
clinical studies have compared toxicity of the continuous
infusion dosing strategy with a conventional once-daily regimen [46–49]. For example, Eriksson et al. compared AmB
0.97 mg/kg/day given as a continuous infusion to once-daily
administration of the same dosage over 4 h [46]. The continuous regimen resulted in fewer infusion-associated side
effects and instances of renal insufﬁciency. Several case
series have reported use of continuous infusion in patients
with hematologic malignancies and refractory fever. The
majority of these reports note less rise in creatinine than has
been reported in historic controls. However, other published
experiences have reported conﬂicting results. Hall et al.
observed a similar rate of nephrotoxicity in their use of the
continuous-infusion regimen in a cohort of hematology
patients with suspected or proven invasive fungal infection
[47]. Unfortunately, studies examining the treatment efﬁcacy
of this strategy have not been undertaken. Studies from preclinical infection models would predict this strategy would
be less effective.

Flucytosine

was needed for efﬁcacy when administered using the most
fractionated dosing strategy by prolonging the time of the
antifungal exposure. This time course and dose fractionation
result suggests the %T > MIC would be the most predictive
index. Consideration of each of the pharmacodynamic indices further demonstrates that the %T > MIC is most closely
associated with efﬁcacy.

Pharmacodynamic Target
The index magnitude for which optimal efﬁcacy against
Candida albicans was noted in a mouse infection model was
a time above MIC magnitude of only 40% of the dosing
interval (serum concentrations above the MIC for just less
than one-half of the dosing interval) [16, 50]. However, as
opposed to target studies with other antifungals, the 5FC
studies were limited to two strains. However, these studies
were corroborated in two independent laboratories.
Unfortunately, there has not been a pharmacodynamic study
with the most clinically relevant organism and infection site,
Cryptococcus neoformans and meningitis. Studies using this
model may offer critical dosing regimen strategies for this
compound with a relatively narrow therapeutic index.

Impact of Antifungal Concentration on Activity
over Time
Clinical Relevance
Several concentration ranging, time-kill investigations have
identiﬁed a pharmacodynamic pattern of activity distinct
from that seen with the polyenes [16–18, 32, 50]. The antifungal activity of ﬂucytosine (5FC) in both in vitro and
in vivo Candida infection models has been shown to be maximal at concentrations not far above the MIC. Additional
exposure to higher concentrations does not impact the extent
of organism killing. This pattern of activity is termed timedependent killing as opposed to the concentration-dependent
activity described for amphotericin B. In addition, examination of Candida growth following 5FC exposure over a wide
concentration range demonstrated organism recovery soon
after exposure; thus there were no short or no post-antifungal
effects.

Impact of Dosing Interval Variation
or Fractionation
5FC in vivo dose fractionation studies in an in vivo candidiasis model similar to those described for AmB demonstrated
that efﬁcacy was optimal when drug was administrated in
smaller dose levels more frequently [16]. Tenfold less drug

There are no clinical data sets that allow pharmacodynamic
analysis with 5FC in regard to treatment efﬁcacy. However,
one group of investigators have provided a model of human
5FC pharmacokinetics relative to the %T > MIC target (40–
50%) against Candida species in a murine model [50]. The
group considered the pharmacokinetics of a range of 5FC
doses and the MIC distribution for C. albicans. Interestingly,
doses as low as 25 mg/kg/day (sixfold lower than the currently recommended regimen) would be predicted to achieve
the pharmacodynamic target against organisms in the current
MIC distribution. Again, the major gap in knowledge for
5FC is characterization in a cryptococcal meningitis model
to determine if the pharmacodynamic target is similar.
While pharmacodynamic studies linking 5FC exposure to
efﬁcacy have not been adequately explored, examination of
toxicodynamic relationships are well established [51–55].
The primary toxicity of 5FC has been associated with high
peak concentrations. These studies have shown that bone
marrow toxicity is observed when levels in serum exceed
50–60 Pg/mL. If one were to consider the human kinetics of
the most frequently recommended 5FC dosing of 100 mg/
kg/day divided into four doses, each dose of 37.5 mg/kg
would remain higher than the MIC for 90% of C. albicans
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isolates tested for more than 10 h. That the pharmacodynamic driver of success and toxicity are different provides an
opportunity to design dosing strategies to both optimize
treatment efﬁcacy and reduce toxicity. Use of signiﬁcantly
smaller amounts of drug would allow 5FC administration
with much less concern about related toxicities. Whether
higher concentrations would be optimal for cryptococcal
CNS infection remains an important unanswered question.
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interval. Subsequent studies with ﬂuconazole, posaconazole,
ravuconazole, and voriconazole similarly demonstrated that
outcome was independent of fractionation of the total drug
exposure supporting the 24-h AUC/MIC as the pharmacodynamic index driving treatment efﬁcacy [11, 12, 15, 30].
These later observations importantly suggest that the pharmacodynamic index associated with efﬁcacy was similar
among drugs with a similar mechanism of action, in this case
inhibition of ergosterol synthesis.

Triazoles
Pharmacodynamic Target
Impact of Antifungal Concentration
on Activity over Time
In vitro and in vivo time-kill studies have been undertaken
with all of the clinically available triazole compounds [7, 11,
12, 18, 30, 32, 56–60]. The observations have shown that
triazoles exhibit growth inhibition at concentrations near the
MIC, much like that observed with 5FC (concentration-independent or time-dependent activity). These investigations
have shown that over a wide triazole concentration range
(starting below the MIC [sub-MIC] to those more than 200fold in excess of the MIC), growth of Candida organisms are
similarly inhibited. In other words, increasing drug concentrations do not enhance antifungal effect.
Furthermore, in vitro studies demonstrated organism
regrowth soon after drug removal (i.e., no in vitro post antifungal effect). In vivo studies, however, demonstrated prolonged growth suppression after levels in serum decreased to
below the MIC. These prolonged in vivo PAFEs have been
theorized to be caused by the profound sub-MIC activity of
these drugs (i.e., effect of the triazoles after concentrations
fall below the MIC in vivo, similar to those shown in vitro).
The pharmacodynamic pattern combination of concentrationindependent killing and prolonged PAFEs suggest that the 24
AUC/MIC index is most closely tied to treatment effect.

Impact of Dosing Interval Variation
or Fractionation
Dose fractionation studies in several in vivo models with
each of the triazole compounds have demonstrated that efﬁcacy is dependent upon the dose, but independent of the dosing frequency. The earliest dose fractionation studies with
ﬂuconazole examined the impact of dividing four total dose
levels into one, two, or four doses over a 24-h period [60].
The results clearly demonstrated that outcome depended on
the total amount of drug or AUC rather than the dosing

The usefulness of knowing which index predicts efﬁcacy is
being able to then determine the magnitude of the index
needed for successful outcome. The most efﬁcient experimental way to deﬁne the magnitude of the predictive index is
to examine treatment efﬁcacy against organisms with widely
varying MICs. These experiments have been difﬁcult for
AmB and 5FC, for which the MIC range is fairly narrow for
the majority of isolates.
Resistance development has been a clinically relevant
issue for the triazoles and Candida species. Thus, incorporation of MIC variation into experimental models has been
more feasible. For example, the efﬁcacy of posaconazole
was examined over a more than 1,000-fold AUC range
against 12 C. albicans with MICs varying nearly 100-fold
[11]. Results from these studies showed that the AUC/MIC
exposure associated with treatment efﬁcacy was similar
across the group of strains with widely varying MICs. For
each of the triazoles examined in these animal model studies,
the 24-h AUC/MIC necessary to produce the ED50 corresponds to a value near 25 [11, 12, 15, 30, 61]. This is essentially the same as averaging a drug concentration near the
organism MIC for a 24-h period (1 X MIC X 24 h = AUC/
MIC of 24) (Table 1).
Similar studies have been undertaken with four triazole
compounds that include more than 100 drug/organism combinations for which MICs and dose levels varied more than
1,000-fold each. Two observations from these studies have
been particularly relevant. First, for an individual drug, the
AUC/MIC target for the triazole was independent of the MIC
or the drug resistance mechanism. The second observation
was initially less clear. Analysis of treatment outcome among
the triazoles with similar strains demonstrated a wide range
of dose/MIC and AUC/MIC relationships. However, one
major difference among the triazoles is the degree of protein
binding with lower values for ﬂuconazole, intermediate values for voriconazole, and high binding with the remaining
compounds.
A second look at these relationships, taking into account only
free drug concentrations, identiﬁed very congruent data plots.
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Table 1 Antifungal pharmacodynamic characteristics
PD characteristic
Concentration Time
Prolonged
dependence
dependence
PAFE
Antifungal class

PD index predictive
of efﬁcacy

Polyenes
5-FC
Azoles
Echinocandins

Cmax/MIC
Time above MIC
AUC/MIC
AUC/MIC

X

X
X
X

X

X
X

PD target
Experimental

Clinical

2–4
t40%
25
3–5a

25
3–5a

10–20
10–20
PD target magnitude calculated using free drug concentration (i.e.,% drug not protein bound). For the echinocandins,
the area under the drug concentration curve(AUC) / minimum inhibitory concentration (MIC) magnitude is different
when comparing C. albicans to C. glabrata or C. parapsilosis, with the lower magnitude correlating with the latter two
organisms and higher magnitude correlating with C. albicans
a

Calculation of the pharmacodynamic target among triazoles
was indeed similar as long as free drug concentrations were
considered. The consistency of data with the triazoles demonstrates that when protein binding and hence free drug concentrations are considered, the antifungal pharmacodynamic
target is similar among drugs within a mechanistic class, such
as triazoles.
The majority of antifungal pharmacodynamic target investigations have been undertaken in Candida models. More
recently, a model of disseminated aspergillosis has been utilized in these investigations. Mavridou et al. investigated the
relationship between posaconazole and voriconazole AUC/
MIC and survival in neutropenic mice with disseminated
infection with strains of A. fumigatus [62, 63]. The group
made several important observations. Similar to what has been
reported for Candida species, the treatment target was similar
among four Aspergillus strains, which included one wild-type
drug-susceptible strain and three strains with reduced azole
susceptibility, suggesting that the target is similar among susceptible and resistant strains. Second, the AUC/MIC exposure
associated with survival was nearly identical for both of the
triazoles when free drug concentrations were considered.
Perhaps most interesting, the drug exposure associated with
efﬁcacy in these Aspergillus models was similar to that
described for these drugs in disseminated candidiasis models.
It is clear from multiple epidemiologic investigations that
factors other than drug choice or dose impact patient outcome. It has been hypothesized that any of these factors may
impact the pharmacodynamic exposure-response relationship. For example, one may intuitively posit that nonneutropenic patients may require less antifungal exposure than
neutropenic patients. Several host, pathogen, and infection
site factors have begun to be included in pharmacodynamic
magnitude studies. For example, a recent study with an
investigational triazole (isavuconazole) measured survival
rates in mice with and without neutropenia [58]. The dose of
isavuconazole needed to produce maximal survival rates was
twofold higher in the neutropenic model.

Another host factor of importance for interpretation of
preclinical antifungal pharmaocdynamic studies is the impact
of the infected animal species. One may expect differences
in pharmacokinetics in different animal species to impact the
pharmacodynamic target. Consideration of drug exposures
in pharmacodynamic terms, relative to the MIC of the organism, however, corrects for interspecies kinetic differences.
Simply put, the drug target is in the organism and not in the
host and thus host pharmacokinetic differences should not
change the antimicrobial exposure the organism needs to see
for effect. Studies with ﬂuconazole in mice, rats, and rabbits
allow testing of this hypothesis. Results from these treatment
studies have shown that the ﬂuconazole AUC/MIC needed to
achieve 50% of the maximal microbiologic effect was near
25 and remarkably similar among the mammalian models
[15, 60, 64, 65]. This knowledge allows one to hypothesize
that results from preclinical animal pharmacodynamic target
studies could be used to estimate antifungal dosing efﬁcacy
in humans.

Clinical Relevance
The logical next step is to determine if and how the experimental pharmacodynamic studies relate to outcome in
patients. Data from antibacterial pharmacodynamics provide
a compelling precedence for the predictive value of animal
model pharmacodynamics and clinical therapeutic efﬁcacy
[1, 4]. The complexities surrounding patients who have fungal disease are well known and undoubtedly contribute to
outcomes independent of antifungal pharmacodynamics.
The most important confounding host variable is underlying
host immune deﬁciency, which has been shown to be
extremely important in inﬂuencing patient survival. Despite
this limitation, there are several data sets that allow one to
consider the relationship between antifungal dose, organism
MIC, and clinical outcome [19, 20, 23, 25, 66].
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For ﬂuconazole there have been numerous large clinical
studies that have provided sufﬁcient data on drug dose, MIC,
and outcomes for pharmacodynamic analysis. The earliest
and largest (more than 1,000 patients) of these data sets emanated from studies of oropharyngeal candidiasis [20].
Analysis demonstrated that treatment efﬁcacy was maximal
with ﬂuconazole exposures relative to the MIC of the infecting Candida species near a 24-h AUC/MIC value of 25, congruent with data from the in vivo models. In the largest single
analysis, when the ﬂuconazole dose/MIC (AUC/MIC)
exceeded 25, clinical success was noted in 91–100% of
patients. However, when AUC/MIC was less than 25, clinical failure was noted in 27–35% of patients.
A more contemporary analysis corroborates these ﬁndings showing a clinical efﬁcacy of 92% with an AUC/MIC
greater than 25, and 9% with values below 25 [23]. These
results have been used in the development of in vitro susceptibility breakpoints for ﬂuconazole and other triazoles by the
Clinical Laboratory Standards Institute (CLSI). A similar
analysis using the European Committee on Antimicrobial
Susceptibility Testing (EUCAST) susceptibility method
resulted in a twofold higher MIC breakpoint [23]. This difference is due in part to the lower MIC values that are
observed using the EUCAST susceptibility media.
A number of data sets from studies of candidemia have
allowed similar pharmacodynamic investigation. There is
now detailed information on ﬂuconazole pharmacodynamics
for more than 600 episodes of candidemia [19, 20, 24, 67,
68]. These data have identiﬁed a remarkably similar triazole
exposure–clinical response relationship, with both clinical
efﬁcacy and patient survival associated with a ﬂuconazole
24-h AUC/MIC ranging from 25 to 50. For example, in study
of nearly 90 episodes of candidemia, CART analysis of dose
and MIC found that the critical AUC/MIC value associated
with patient survival (80% vs. 50%) was the 24-h AUC/MIC
value of 25 [19].
A similar clinical analysis is now also available for voriconazole [66]. The dataset includes 1,681 isolates of 16 different
Candida species from more than 400 subjects during six phase
III clinical trials. Analysis demonstrated a strong relationship
between MIC and outcome. If one estimates the free drug
AUC for the voriconazole regimen used in these trials, the
AUC/MIC can then be calculated using the geometric mean
MIC for each of the species. Based on this analysis, therapeutic success was observed in 72–85% of cases with 24-h AUC/
MIC greater than 25, whereas when AUC/MIC was less than
25, clinical failures were noted in 45% of patients.
Unfortunately, to date there has not been a published
dataset for aspergillosis that allows similar analysis.
However, there have been several recent voriconazole therapeutic drug monitoring publications that do allow pharmacodynamic estimations for aspergillosis [52, 69–71]. Two
studies observed clinical success and patient survival,
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respectively, with voriconazole serum trough concentrations
ranging from 1 to 2 Pg/mL for these patients with invasive
aspergillosis. If one considers the free drug AUC associated
with these trough concentrations and the MIC90 for voriconazole and Aspergillus, the resulting 24-h AUC/MIC
value is near 25.
A similar concentration/outcome relationship has also
been recently reported for the triazole posaconazole in
patients with invasive aspergillosis [72]. In 67 patients with
invasive aspergillosis and serum concentration monitoring,
the posaconazole average concentration at steady state
ranged from 0.13 to 1.25 Pg/mL. Maximal clinical response
(75%) was observed in the cohort with the highest posaconazole concentration (1.25 Pg/mL), while the least successful
group (24% success) were found to have the lowest posaconazole serum levels.
Thus, one can use drug monitoring information to examine efﬁcacy from the pharmacodynamic standpoint. It will be
critical to include therapeutic drug monitoring in future studies and to include MIC testing when an organism is
available.

Echinocandins
Impact of Antifungal Concentration
on Activity over Time
Numerous in vitro and in vivo studies with compounds from
the echinocandin drug class have been undertaken using
Candida models [10, 73–81]. Results from these investigations have been consistent. Each of the agents have exhibited
pronounced concentration-dependent killing effects and prolonged PAFEs. In vitro time course studies with each of the
available echinocandin drugs have demonstrated concentration-dependent killing and prolonged PAFEs similar to those
observed with the polyenes. Ernst et al. found that the extent
of caspofungin killing of C. albicans varied more than
10,000-fold over only a 16-fold rise in concentrations [6].
Over this same range of drug concentrations the investigators
observed an increase in the rate of killing and suppression of
regrowth that exceeded the 12-h period of study.
Several in vivo studies have conﬁrmed these
pharmacodynamic characteristics [10, 74–80]. For example,
following single escalating doses of the new echinocandin,
aminocandin, marked killing of C. albicans was observed
when drug levels in serum were more than four times the
MIC. The extent of killing increased as concentrations relative to the MIC approached a factor of 10. However, there are
a number of reports detailing a concentration-effect ceiling,
above which reduced activity is observed. This phenomenon
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is termed the paradoxical effect [82–85]. Mechanistic
evaluation has identiﬁed elevated chitin concentrations in
strains surviving very high echinocandin concentrations.
These ﬁndings appear to be strain dependent and occur at
concentrations far above those that would occur in patients
with current clinical regimens. The clinical relevance of this
phenomenon remains unclear.

Impact of Dosing Interval Variation
or Fractionation
The earliest dose fractionation studies with the ﬁrst echinocandin derivative, cilofungin, also demonstrated enhanced
efﬁcacy by maximizing serum and tissue concentrations
[86]. Subsequent investigations in vivo with newer derivatives against Candida species and A. fumigatus found that
efﬁcacy was maximized by providing large, infrequently
administered doses [10, 73, 75, 87]. The total amount of drug
necessary to achieve various microbiologic end points over
the treatment period was 4.8–7.6-fold smaller when the dosing schedule called for large single doses than when the same
amount of total drug was administered in two to six doses.
The concentration-dependent killing pattern and results from
dose fractionation studies would suggest that either the
Cmax/MIC or AUC/MIC would best represent the driving
pharmacodynamic index. In vivo studies using serum kinetics
suggest that the Cmax/MIC is a better predictor of efﬁcacy.
These pharmacodynamic studies with these compounds utilized serum pharmacokinetics.
Recent studies have examined the impact of tissue concentrations at the site of infection. The dose–response relationships were similar in these investigations and support a
dosing strategy that involves administration of large doses
given infrequently. A recent clinical study with micafungin
explored this dosing strategy in an esophageal candidiasis
trial [88]. The two micafungin dosing regimens examined
included the standard regimen of 150 mg given daily in
comparison to a regimen of 300 mg every other day. The
total drug exposure or AUC would be similar for the two
regimens. Interestingly, clinical and microbiologic efﬁcacy
was similar for both regimens, consistent with results from
the preclinical models. It will be interesting to see if additional lengthening of the dosing interval can be explored in
clinical trials. In animal models studies, the dosing interval
has been successfully lengthened to every 7 days while
maintaining efﬁcacy [10, 75, 76]. A similar approach has
also been undertaken with caspofungin in an in vivo model
of aspergillosis [87]. In these dose fractionation studies as
well, outcome was optimal with regimens that maximized
the drug exposure. Studies in this aspergillosis model further
support the contention that antifungal pharmacodynamic
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relationships for a drug class are similar among fungal
organisms.

Pharmacodynamic Target
Recent studies have begun to explore the magnitude of the
Cmax/MIC and AUC/MIC indices needed for treatment efﬁcacy. Experiments with anidulafungin against ﬁve C. albicans isolates demonstrated similar exposure-response
relationships when expressed as either the 24-h AUC/MIC or
Cmax/MIC indices [10]. The pharmacodynamic target associated with achievement of a static end point corresponded to
an anidulafungin-free drug (non-protein bound), 24 h AUC/
MIC from 10 to 20. The Cmax/MIC needed to produce this
degree of treatment success was a value near 1. Experiments
with micafungin and caspofungin with this same group of
organisms identiﬁed very similar AUC/MIC targets [75].
This compilation of data again supports the premise that the
pharmacodynamic target is similar for compounds within a
drug class when protein binding is taken into account.
Additional studies were undertaken with groups of organisms from the C. glabrata and C. parapsilosis species [89].
Susceptibility studies for these two groups demonstrated
higher MICs than the C. albicans group. One unexpected
ﬁnding was observed from the in vivo treatment studies. The
AUC/MIC pharmacodynamic target for echinocandins
against these two Candida species was two- to threefold
lower than for C. albicans.
The approved steady-state regimens for treating invasive
candidiasis with these drugs includes 100 mg/day of both
anidulafungin and micafungin and 50 mg/day of caspofungin. These regimens produce total and free drug 24-h
AUC values in healthy volunteers of 112 mgh/mL and
1.12 mgh/mL for anidulafungin, 98 mgh/mL and 2.94 mgh/
mL for caspofungin, and 126 mgh/mL and 0.38 mgh/mL
for micafungin. If one considers the pharmacokinetics of the
echinocandins and the presented pharmacodynamic targets,
the highest MICs for the three Candida species that would
allow the pharmacodynamic free drug 24-h AUC/MIC
(fAUC/MIC) to be met can be estimated. The MIC ceiling
based on fAUC/MIC ranging from 5 to 20 would place the
susceptibility breakpoint lower than the current CLSI value
of 2 Pg/mL for each of the drugs. However, the MICs for
nearly all of the wild-type strains from surveillance studies
would be expected to fall within the “pharmacodynamically
susceptible” category based upon the fAUC/MIC targets
reported in this study, with the exception of a subset of
C. parapsilosis isolates.
Pharmacodynamic target investigation against other fungal species has been limited. A single study examined the
caspofungin target against a strain of A. fumigatus in a murine
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pulmonary model [87]. Interestingly the caspofungin
exposure associated with maximal reduction in organism
burden based upon RT-PCR end points was quite similar to
that described for efﬁcacy against C. albicans.

Clinical Relevance
Most clinical studies with echinocandins have not been
extensively examined from the pharmacodynamic standpoint. However, a recent evaluation of three micafungin
candidemia trials provided the opportunity to explore the
relationship among pharmacokinetics, MIC, and treatment
outcome [90]. The dataset included pharmacokinetics from
patients with candidemia and outcome in 507 patients.
Successful outcome in the entire population was observed
with a total drug AUC/MIC greater than 3,000 (success in
98% with AUC/MIC > 3,000 and 84% < 3,000). If one considers the degree of protein binding for micafungin (>99%),
the value of 3,000 would be similar to that observed for
C. albicans in animal model studies. Since the infection
model investigations had demonstrated differences among
the Candida species, subgroup analysis examined the
impact of infecting species as well. Interestingly, the AUC/
MIC target of patients infected with C. parapsilosis was
tenfold lower than for the remaining cohort. This difference
was even larger than that observed in the animal model
experiments. The ﬁndings from both the animal model
studies and these clinical studies suggest a re-evaluation of
current echinocandin susceptibility breakpoints and the
consideration of these values at the level of the fungal
species.
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Prior study of antibacterial combinations has demonstrated
that consideration of pharmacodynamics can help to decipher
these often complex relationships. Even if two drugs together
can enhance outcome, it is possible or even likely that this
positive interaction is not evident at all drug concentration
combinations. Recent in vitro antifungal combination studies
using pharmacodynamic analysis have shown this to be the
case. Examination of a wide variety of concentration combinations in these studies provides a means to determine not only if
drug A and drug B interact in a helpful way, but they allow
estimation of the optimal concentrations of each compound. In
vivo pharmacodynamic studies should be useful to design clinical trials investigating antifungal drug combination therapy.
An area of intense interest is combination therapy with an
echinocandin and a triazole antifungal for Aspergillus infections. Numerous in vitro and in vivo studies have examined
the impact of this combination. The interpretation of the efﬁcacy data from these investigations have varied from suggesting an enhanced interaction to antagonism. Drug exposure
from the standpoint of dose level has been considered in several of these studies. However, extensive pharmacokinetic and
pharmacodynamic design and analysis remain, for the most
part, unexplored in the area of antifungal combination. The
analyses from a few studies suggest the importance of this
additional level of investigation. For example, in a study of the
combination of caspofungin and voriconazole, the impact of
the interaction was dependent upon the dose of the echinocandin; there was enhanced activity with some dosages, but
reduced activity with others [117]. Among the unanswered
antifungal pharmacodynamic questions, detailed examination
of combination therapy is among the most important.
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Resistance to Antifungal Drugs
Dominique Sanglard

Fungal infections caused by fungal pathogens are common in
immunocompromised hosts. Candida spp. comprise the major
yeast species recovered from infected individuals; however,
other yeast species such as Cryptococcus neoformans might
also be isolated. Among ﬁlamentous fungi causing infections
in human, Aspergillus fumigatus has a dominant position, and
this fungal species is linked to a high mortality [1]. Not only
are a restricted number of antifungal agents available to treat
these infections, but also resistance to antifungal treatment can
occur. Table 1 summarizes the activity of known antifungal
agents in several yeast species and A. fumigatus.
Antifungal activities are measured using standardized
protocols that have been optimized during the past years.
The CLSI (Clinical and Laboratory Standards Institute)
and EUCAST (European Committee on Antimicrobial
Susceptibility Testing) protocols have been published and
each details methods for determining the activities of current
antifungal agents. Both methods used liquid cultures in cell
culture media (RPMI) and antifungal dilutions in the format
of 96-well microtiter plates. Other methods have been
reported using antifungal gradient strips on agar plates
(E-test) or disk diffusion assays. The agreement in the establishment of minimal inhibitory concentration (MIC) values
between both methods is over 90% and therefore considered
acceptable [2].
Resistance to antifungal treatment can develop on the
basis of either clinical or microbiological factors. A persistent infection despite treatment with an antifungal drug at
maximal dosage may be described as clinically resistant to
the therapeutic agent. The infecting organism may show normal susceptibility to the agent in vitro [3], or clinical resistance to treatment may result from microbial resistance to an
agent. Clinical resistance is often the result of complex interactions between an antimicrobial agent and an infecting
microbe in a human host. Microbiological resistance can be
deﬁned as a shift (a decrease) in antifungal drug susceptibility
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that can be measured in vitro by appropriate laboratory
methods. Resistance to speciﬁc antifungal drugs is intrinsic
in some yeast pathogens, but can also be acquired either in
a transient or permanent manner. The distinction between a
susceptible and a resistant fungal isolate can be made when
a threshold drug susceptibility value, such as the breakpoint
MIC, is reached. In medical practice, breakpoint values could
ideally predict the success or the failure of an antifungal
treatment. However, experience that has accumulated with
different antifungal agents shows that this association cannot
always be applied [3]. Table 2 gives breakpoint values established for the main categories of antifungal agents. In this
table, an intermediate category is given, the susceptibledose-dependent MIC (S-DD MIC). Yeasts in this category
require higher dosages of the antifungal agent for inhibition.
Between CLSI and EUCAST, the breakpoint recommendations vary considerably for two agents, ﬂuconazole and voriconazole [4–6], as summarized in Table 2. These variations
are attributed to differences between the two agencies in the
patient populations that were analyzed and in a number of
parameters related to the activity and pharmacodynamics of
antifungal agents.
The breakpoint MIC value of a given fungal pathogen for
a speciﬁc drug is less relevant for the microbiologist or the
molecular biologist because only a modest shift of antifungal
drug susceptibility measured by an increase in MIC values
can be the consequence of one or several cellular alterations
linked to modiﬁcations of the genetic material. This chapter
will summarize the present situation of antifungal resistance
in yeast pathogens and will detail the current understanding
of these mechanisms as pertains to clinical situations.

Polyene Resistance
Polyenes belong to a class of natural antifungal compounds
discovered in the early 1950s. One of the most successful
polyene derivatives, amphotericin B (AmB), is produced
by Streptomyces nodosus (Fig. 1). AmB can form soluble
salts in both basic and acidic environments, is not orally or
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Table 1 Activities of current and emerging antifungal agents against several fungal species
MIC90a (Pg/mL)
Antifungal agent C. albicans C. glabrata C. krusei C. parapsilosis C. tropicalis
Amphotericin B
0.5
1
0.5
0.5
0.5
Flucytosine
4
0.5
16–32
1
4
Azoles
– Fluconazole
1
64
64
2.0
2.0
– Itraconazole
0.25
4.0
2.0
0.5
0.5
– Voriconazole
0.06
2.0
1.0
0.12
0.25
– Posaconazole
0.06
4.0
0.5
0.12
0.25
– Ravuconazole
0.03
4.0
0.5
0.12
0.25
Cyclic lipopeptides
– Caspofungin
0.5
0.5
1
0.5
1
– Micafungin
0.0156
0.156
0.125
1
0.0313
– Anidulafungin
0.125
0.5
0.25
4
0.125
a
MIC90 is deﬁned as the MIC value to which 90% of a study population belongs
b
Values are given in MEC (minimal effective concentration)
Table 2 CLSI and EUCAST interpretive breakpoints against Candida
albicans (in Pg/mL)
Antifungal
agent
Fluconazole
CLSI
Fluconazole
EUCAST
Itraconazole
Voriconazole
CLSI
Voriconazole
EUCAST
Flucytosine

Susceptible

Dose-dependent
Susceptible (S-DD)
or Intermediate

Resistant

d8

16–32

t64

d2

4

>4

d0.125
d1

0.25–0.5
2

t1
t4

d0.125

–

>0.125

d4

8–16

t32

Fig. 1 Major sterol structures

intramuscularly absorbed, and is virtually insoluble in water.
The primary mode of action of AmB is to bind ergosterol in
the membrane bilayer of susceptible organisms. This interaction is thought to result in the production of aqueous pores
consisting of polyene molecules linked to the membrane

C. neoformans

A. fumigatus

References

1
16

4
>64

[20, 139]
[20, 140]

16
1
0.25
<0.015
0.25

>128
0.125
0.5
0.031
1

[141, 142]
[139, 143–146]

32
>64
>16

0.5 b
0.125 b
0.06 b

[147]
[148]
[149–154]

sterols. This conﬁguration gives rise to a pore-like structure,
leakage of vital cytoplasmic components (mono- or divalent
cations), and death of the organism. AmB has a strong fungicidal effect on most important yeast pathogens. Time-kill
curves have been reported in several studies and showed that
AmB induces a 3–4 log decrease in viable counts in a time
span of 2–4 h at supra-MIC concentrations.
AmB MICs are dependent on several factors, and among
them, the composition of the testing medium is important.
Rex et al. [7] recommend the use of a special broth medium
(AM3) to determine AmB MICs in Candida species.
Presently, a standard protocol using AM3 medium has been
recommended by the CLSI in the protocol M27-A3. Recently,
Peyron et al. [8] evaluated an agar diffusion method using an
E-test strip with RPMI or AM3 medium in order to discriminate AmB-resistant from AmB-susceptible Candida isolates.
AmB MIC90 values of various Candida species, including
C. albicans, C. glabrata, C. parapsilosis and C. tropicalis,
ranged from 0.25 to 1 Pg/mL. AmB fungicidal concentrations are usually 0.5–2 times the MIC in Candida species.
Microbiological resistance to AmB can be intrinsic or
acquired. Intrinsic resistance to AmB is common for some C.
lusitaniae [9] and for Trichosporon species [10], but acquired
resistance during antifungal treatment with AmB is rarely
reported for yeast isolates. Some C. lusitaniae isolates
in vitro are able to undergo rapid switches to AmB resistance
when exposed to the drug. Acquired resistance to AmB is
often associated with alteration of membrane lipids, especially sterols. Recently, C. albicans clinical isolates resistant
to AmB were described that lacked ergosterol and accumulated other sterols (3E-ergosta-7,22-dienol and 3E-ergosta-8enol) typical for a defect in the sterol $5,6 desaturase system
[11, 12]. Such a defect is known in S. cerevisiae harboring a
defect of the $5,6 desaturase gene ERG3. A defect in $8-7
isomerase in a clinical C. neoformans isolate from an AIDS
patient was linked also with AmB resistance [13]. In C.
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glabrata, AmB resistance has been reported from clinical
samples, and genetic analysis has permitted the identiﬁcation
of mutations in the ERG6 gene encoding C-24 sterol methyltransferase [14, 15].
Curiously, the disruption of the ERG3 gene in C. albicans
is not associated with AmB resistance [16]. This contrasts
with the results obtained in clinical strains, which, probably
contain other compensatory mutations resulting in AmB
resistance. A decrease in the content of cell membrane-associated ergosterol can also cause AmB resistance, because
AmB requires the presence of ergosterol to damage fungal
cells. Different investigators have supported this possibility
by demonstrating that development of inducible resistance,
induced by an adaptation mechanism, in a strain of C. albicans was accompanied by a decrease in the ergosterol content
of the cells and that polyene-resistant C. albicans clinical isolates obtained from neutropenic patients had a 74–85%
decrease in their ergosterol content [17]. Another mechanism
accounting for the resistance of yeast to AmB is thought to be
mediated by increased catalase activity, which can contribute
to diminish oxidative damage caused by this agent [18].

Flucytosine (5-Fluorocytosine)
Flucytosine (5-FC) belongs to the class of pyrimidine analogues and was developed in the 1950s as a potential antineoplastic agent. Abandoned as anti-cancer drug due to its lack
of activity against tumors, it showed, however, good in vitro
and in vivo antifungal activity. Because it is highly watersoluble, it can be administered by either oral or intravenous
routes [19]. 5-FC is taken up by fungal cells by a cytosine
permease and is deaminated by a cytosine deaminase to
5-ﬂuorouracil (5-FU), a potent antimetabolite. 5-FU can be
converted to a nucleoside triphosphate and, when incorporated into RNA, causes miscoding. In addition, 5-FU can be
converted to a deoxynucleoside, which inhibits thymidilate
synthase and thereby DNA synthesis. 5-FC shows little toxicity in mammalian cells, because cytosine deaminase is
absent or poorly active in these cells. 5-FU is a potent anticancer agent, but it is impermeable to fungal cells. The conversion of 5-FC to 5-FU by intestinal bacteria is possible,
and therefore 5-FC can show toxicity in oral formulations.
5-FC is fungicidal for susceptible fungi. High variability in
5-FC MICs is observed in Candida species and C. neoformans because of the occurrence of intrinsic resistance. MIC90
of 5-FC are in the range of 0.5–4 Pg/mL for Candida species, including C. albicans, C. parapsilosis, C. tropicalis and
C. glabrata, and for C. neoformans [20].
5-FC is not usually administered as a single agent because
of rapid development of resistance. It is therefore used mainly
in combination with other agents, particularly AmB. In vitro
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data regarding the combination of both drugs against Candida
species and C. neoformans are numerous and are contradictory, showing antagonistic, indifferent or synergistic effects
[21]. 5-FC is an antifungal agent against which resistance
can be intrinsic or acquired. Resistance may occur due to the
deﬁciency or lack of enzymes implicated in the metabolism
of 5-FC, or resistance may be due to the deregulation of the
pyrimidine biosynthetic pathway, in which products can
compete with the ﬂuorinated metabolites of 5-FC. Detailed
investigations on the molecular mechanisms of resistance to
5-FC have shown that intrinsic resistance to 5-FC in fungi
can be due to a defect in the cytosine permease, as observed
in C. glabrata, but not in C. albicans or C. neoformans.
Acquired resistance results from a failure to metabolize 5-FC
to 5-FUTP (5-ﬂuorouridine triphosphate) and 5-FdUMP
(5-ﬂuoro-deoxyuridine monophosphate), or from the loss of
feedback control of pyrimidine biosynthesis [22].
Recently, a mutation in the FUR1 gene encoding uracil
phosphoribosyltransferase was reported as a cause of 5-FC
resistance. This mutation (cytosine to thymine at position
301) is thought to decrease the conversion of 5-FU, which is
produced from deamination of 5-FC, into a toxic metabolite (5-ﬂuorouridine monophosphate) and thus counteracts
the action of this compound [23]. Interestingly, this resistance mechanism is enriched in a C. albicans subpopulation
(clade I), which is one among the ﬁve major clades (I, II, III,
SA, and E) known in this yeast species. In this population,
the FUR1 mutation can occur in the hetero- or homozygous
state and is correlated with increased 5-FC MIC value. In
addition to this speciﬁc mechanism, a mutation in cytosine
deaminase (FCA1) has been reported correlating with 5-FC
resistance in C. albicans [24].

Azoles
Azole antifungal agents discovered in the late 1960s are
synthetic compounds belonging to the largest group of antifungal agents. Azole antifungal agents used in medicine are
categorized into N-1 substituted imidazoles (ketoconazole,
miconazole, clotrimazole) and triazoles (ﬂuconazole, itraconazole, posaconazole, voriconazole, and ravuconazole
(Fig. 2). Azoles have a cytochrome P450 as a common cellular target in yeast or moulds (Fig. 3). This cytochrome
P450, now referred to as Erg11p, is the product of the ERG11
gene. The unhindered nitrogen of the imidazole or triazole
ring of azole antifungal agents binds to the heme iron of
Erg11p as a sixth ligand, thus inhibiting the enzymatic reaction. The afﬁnity of imidazole and triazole derivatives is not
only dependent on this interaction, but is also determined by
the N-1 substituent, which is actually responsible for the
high afﬁnity of azole antifungal agents to their target. Each
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Fig. 2 Chemical structures of major antifungal agents

of these agents has distinct pharmacokinetics and their
antifungal efﬁcacies are quite different among yeast and
moulds of medical relevance.
Azole antifungals have a broad spectrum of activity. They
are active against Candida species, C. neoformans and
dimorphic fungi. Some azole derivatives are more active than
others for different fungi. For example, ﬂuconazole is relatively inactive against C. krusei or A. fumigatus as compared
with itraconazole or voriconazole. Posaconazole shows high
activity against a large number of ﬁlamentous fungi and has
a more predictable pharmacodynamic proﬁle than voriconazole; it is also active against fungal pathogens, such as the
zygomycetes, which are refractory to other azoles [25].
Azole antifungals are only fungistatic against most yeast
species. Against Candida infections, ﬂuconazole has demonstrated broad clinical efﬁcacy for mucosal candidiasis,
Candida urinary tract infections, candidemia, and invasive
candidiasis [26].
Reports on resistance to azole antifungal agents were
rare until the late 1980s. The ﬁrst cases of resistance were
reported in C. albicans after prolonged therapy with miconazole and ketoconazole. Following the use of ﬂuconazole
for a wide variety of infections, especially the treatment of
mucosal infections in AIDS patients, antifungal resistance
to this agent has been more frequent [27]. There are several

mechanisms by which yeasts or ﬁlamentous fungi can
become resistant to azole antifungal agents (Fig. 3).

Resistance by Altered Drug Transport
Failure to accumulate azole antifungals has been identiﬁed as
a cause of azole resistance in several post-treatment clinical
fungal isolates. These isolates include C. albicans, C.
glabrata, C. krusei, C. dubliniensis and C. neoformans [28].
In azole-resistant yeasts, genes encoding ATP Binding
Cassette (ABC)-transporters were upregulated as compared
to the corresponding azole-susceptible species. So far, only
CDR1 (Candida Drug Resistance 1) and CDR2 in C. albicans
[29, 30], CdCDR1 in C. dubliniensis [31, 32], a CDR1 homologue in C. tropicalis [33], CgCDR1, CgCDR2 (also known
as PDH1) and CgSNQ2 in C. glabrata [34–36] and AFR1 in
C. neoformans [37] have been identiﬁed as ABC-transporter
genes upregulated in azole-resistant isolates.
In A. fumigatus, itraconazole is able to induce an ABCtransporter gene, atrF; however, the role of this gene in the
resistance of clinical isolates to itraconazole is still not established in detail [38]. Heterologous expression of ABCtransporter genes such as CDR1 and CDR2, CdCDR1,

Resistance to Antifungal Drugs

139

Fig. 3 Schematic view of the four mains resistance mechanisms to
azole antifungals in yeast pathogens. Erg11p, the cellular target of azole
antifungals, is responsible for the demethylation of lanosterol.
14D-demethlylated sterols serve as further substrates in the formation
of ergosterol. When azole drugs bind Erg11p, lanosterol demethylation

is blocked and sterol metabolites remains methylated at the position
14D. The toxic metabolite 3,6-diol (14D-methylergosta-8,24(28)-dien3E,6D-diol) is formed from the action of ERG3 on 14D-methylfecosterol
(see Fig. 2 for sterol structures). Details on speciﬁc resistance mechanisms are given in the text

CgCDR1 and CgCDR2 in S. cerevisiae conferred resistance
not only to several azole derivatives (ﬂuconazole, itraconazole, ketoconazole) but also to a wide range of compounds,
including antifungals and metabolic inhibitors [30, 35, 39].

Several laboratories have also observed that, besides
upregulation of ABC-transporter genes, a multidrug transporter gene named MDR1 (Multidrug Resistance 1), also previously known as BEN (Benomyl resistance) and belonging
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to the family of Major Facilitators, was upregulated in some
C. albicans azole-resistant clinical isolates. Deletion of
MDR1 in C. albicans and also in C. dubliniensis isolates
with acquired azole resistance by MDR1 upregulation
resulted in a sharp increase of azole susceptibility, thus supporting by this genetic approach, the involvement of this speciﬁc gene in azole resistance [40, 41]. Deletion of MDR1 in
an azole-susceptible laboratory strain did not result in a signiﬁcant increase of azole susceptibility, thus supporting the
fact that MDR1 is almost not expressed in this type of strain
and more generally in azole-susceptible clinical isolates [42].
Upregulation of an MDR1-like gene has been also observed
in a ﬂuconazole-exposed C. tropicalis isolate that acquired
cross-resistance to ﬂuconazole and itraconazole [33].
In most cases, azole resistance acquired in clinical situations by yeast pathogens by multidrug transporters is maintained over a high number of generations in vitro without
drug selection. Azole resistance can however be a reversible
phenomenon. Marr and collaborators [43] obtained C. albicans isolates that developed azole resistance from bone
marrow transplant patients being treated with ﬂuconazole.
An increase in the ﬂuconazole MIC was coupled with upregulation of CDR1, but was decreased with a parallel decrease
in CDR1 expression in drug-free subculture. Azolesusceptible isolates from this type of patient, when exposed
in vitro to ﬂuconazole, developed reversible azole resistance
by the same CDR1 upregulation mechanism. Interestingly,
only a portion of individually exposed colonies were rendered less susceptible to ﬂuconazole, thus indicating that
hetero-resistance, which was already described in azoleexposed C. neoformans isolates, could occur in speciﬁc C.
albicans isolates [44].
Another interesting acquisition of azole resistance by
multidrug transporter upregulation in a clinical context has
been shown in C. glabrata. This yeast could convert to azole
resistance by loss of mitochondrial DNA. The phenomenon,
also called HFAR, for High Frequency Azole Resistance,
because it occurred in vitro at high frequencies, was coupled
with upregulation of CgCDR1 and CgCDR2 [34].
Interestingly, mitochondrial defects have been reported in
several clinical isolates that were exposed to ﬂuconazole
during treatment [45, 46].
The molecular basis for the upregulation of multidrug
transporters belonging to the ABC and Major Facilitator
families has been actively investigated in yeast pathogens.
It is believed that the mutation(s) leading to gene upregulation might rather be caused by alterations involving transcription factors. Using the Renilla luciferase reporter
system fused to CDR1 and CDR2 promoters cloned from
azole-susceptible isolates, De Micheli et al. [47] showed
that their expression was enhanced in an azole-resistant
strain, in which these genes are constitutively upregulated.
With another reporter system, GFP fused to the MDR1
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promoter from an azole-susceptible strain, Wirsching et al.
[48] showed that high ﬂuorescence could be obtained when
the chimeric construct was introduced in an azole-resistant
strain upregulating MDR1.
The systematic dissection of the CDR1 and CDR2 promoters allowed the identiﬁcation of ﬁve distinct regulatory
elements: the basal expression element (BEE) responsible
for basal expression; the drug-responsive element (DRE)
required for the response to drugs, such as ﬂuphenazine and
estradiol; two steroid responsive elements (SRE) involved
in the response to steroid hormones; and the negative regulatory element (NRE) [47, 49, 50]. Internal deletions of the
BEE and DRE in the CDR1 promoter affect basal CDR1
expression and drug-induced expression, respectively.
Conversely, the deletion of the NRE leads to an increase in
the basal expression of CDR1. In contrast to CDR1, the
CDR2 promoter only contains the DRE element [47].
Among these different cis-acting elements, only the DRE
was shown to be involved not only in the transient up-regulation of both CDR1 and CDR2 in response to inducers but
also in their constitutive high expression in azole-resistant
clinical isolates [47].
The DREs present in the promoter of CDR genes contain
two CGG triplets which are potentially recognized by Zn2Cys6 transcription factors [51–54]. In order to isolate regulators of CDR1 and CDR2, the C. albicans genome was
searched for genes encoding proteins with Zn2-Cys6 ﬁngers.
Interestingly, three of these genes were arranged in tandem
near the mating locus (MTL), the homozygosity of which is
linked to the development of azole resistance in C. albicans
[55]. Deletion of one of these genes, TAC1 (transcriptional
activator of CDR genes), in an azole-susceptible strain led to
increased drug susceptibility and to loss of transient CDR1
and CDR2 upregulation in presence of inducers. In C. albicans clinical isolates resistant to azoles, deletion of TAC1
abolishes CDR1 and CDR2 expression and therefore, drug
resistance, demonstrating that TAC1 is the main mediator of
azole resistance due to the upregulation of ABC transporter
in C. albicans [56]. Tac1p acts by direct binding to the DRE
present in the promoter region of both efﬂux pump genes and
induces their expression in response to steroid and several
toxic chemicals [47, 56]. Tac1p is not involved in the basal
expression of CDR1 and the transcription factor regulating
CDR1 expression through the BEE element remains to be
identiﬁed.
Functional dissection studies of the MDR1 promoter have
identiﬁed two distinct regulatory regions. The benomyl
response element (BRE), also called the MDR1 drug resistance element (MDRE) is responsible for the constitutive
high expression of MDR1 in ﬂuconazole-resistant isolates
[57–59]. This region is also necessary for the inducible
expression of MDR1 in response to benomyl [57, 59]. The
second element, the HRE (H2O2 response element) is involved
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in the response to oxidative stress agents. In contrast to the
BRE, the HRE is not required for constitutive upregulation
of MDR1 in azole-resistant isolates. The HRE region contains two YRE (YAP1 response element) motifs and the
BRE/MDRE contains a perfect match for the Mads-box transcription factor Mcm1p [58, 60, 61]. However there is no
direct evidence either for interactions between Yap1p and the
HRE and between Mcm1p and the BRE or for the involvement of Yap1p and Mcm1p in the inducible or constitutive
expression of MDR1.
The molecular basis for the constitutive upregulation of
the Major facilitator gene MDR1 has been recently elucidated. A genome-wide study was undertaken to compare the
transcriptional proﬁles of three different C. albicans clinical
isolates overexpressing MDR1 in order to identify genes
commonly upregulated with MDR1. One of the genes of
interest was orf19.7372 since it contained a Zn2-Cys6 zinc
ﬁnger motif of the same type as TAC1. Because inactivation
of orf19.7372 caused loss of MDR1 upregulation, the transcription factor was called Mrr1pp (multi-drug resistance
regulator) [62]. MRR1 inactivation in azole-resistant isolates
resulted in the loss of MDR1 expression and increased susceptibility to ﬂuconazole, cerulenin and brefeldin A [62].
Deletion of MRR1 in a drug-susceptible strain abolished
MDR1 upregulation in presence of inducing chemicals, such
as benomyl and H2O2, thus demonstrating that Mrr1p mediates both inducible MDR1 expression and constitutive MDR1
overexpression in drug-resistant strains [62]. A MRR1
homolog has been identiﬁed in C. dubliniensis and was
shown responsible for CdMDR1 expression [63]. Although
Mrr1p has not been yet shown to bind directly to the MDR1
promoter in order to regulate MDR1 expression, CdMrr1p is
able to activate the MDR1 promoter in the heterologous species C. albicans, suggesting that Mrr1p and CdMrr1p recognize the same binding site(s) which should be present in the
MDR1 promoters of both species [63].
The identiﬁcation of trans-acting factors regulating ABCtransporters in pathogenic fungi can also rely on the welldescribed Pleiotropic Drug Resistance (PDR) network
involved in multidrug resistance in S. cerevisiae. The two
Zn2-Cys6 transcription factors PDR1/PDR3 are master regulators of this network and control multidrug resistance by
modifying the expression of several ABC (PDR5, SNQ2 and
YOR1)- and MFS (FLR1, TPO1)-transporters as well as other
genes determining cell membrane composition (PDR16,
RSB1, LPT1). In silico search for PDR1/PDR3 homologues
in the genomes of pathogenic fungi has been performed, and
so far only one functional homolog, CgPDR1, was described
in C. glabrata [64]. CgPdr1p has 40% and 35% identity with
Pdr1p and Pdr3p, respectively, and could complement a
pdr1D S. cerevisiae mutant strain [65]. Similar to S. cerevisiae, the expression of C. glabrata CgCDR1/2 and CgSNQ2
genes is regulated by CgPdr1p [64]. Deletion of CgPDR1 in

141

C. glabrata azole-resistant clinical isolates leads to a loss of
CgCDR1, CgCDR2 and CgSNQ2 regulation and to a sharp
increase in azole susceptibility, indicating that CgPDR1 is
the main regulator of efﬂux-mediated azole-resistance in C.
glabrata [36, 66]. Deletion of CgPDR1 also abolishes
CgCDR1 and CgCDR2 up-regulation in presence of ﬂuconazole [66].
It is now well established that S. cerevisiae Pdr1p and
Pdr3p act through cis-acting sites present in the promoters of
target genes. The consensus motif is named PDRE (for pleiotropic drug resistance element) and is present in several
ABC-transporter gene promoters such as PDR5, SNQ2 and
YOR1 [67]. In C. glabrata, a genome-wide study identiﬁed
genes regulated by CgPDR1 and, by analysis of the promoters, the sequence 5c-TCC(GA)(CT)GAA-3c was identiﬁed as
a strong candidate for C. glabrata PDRE. This sequence is
found in the promoters of CgCDR1, CgCDR2 and CgSNQ2
genes, suggesting that CgPdr1p binds directly to PDRE
sequences to regulate transcription of target genes [36, 65, 66].
CgPDR1 contains a PDRE in its promoter suggesting an
auto-regulation of its transcription. Consistent with this
observation, upregulation of CgCDR1 and CgCDR2 is correlated in some azole resistant strains with an increase of
CgPDR1 expression [65, 66]. However, although promoters
regions of CgCDR1, CgCDR2, CgSNQ2 and CgPDR1 genes
all contain PDRE, they are not simultaneously expressed in
clinical azole-resistant isolates [45]. CgPdr1p acts as nuclear
receptor by directly binding to diverse drugs and xenobiotics, such as azoles, to activate expression of efﬂux pumps
genes resulting in multidrug resistance [68]. A small portion
of the activation domain of CgPdr1p binds directly to the
KIX domain of the Mediator co-activator subunit CgGal11p
in a xenobiotic-dependent manner in order to activate transcription of target genes [68].
One of the consequences of the involvement of multidrug
efﬂux transporters in resistance to azole antifungals is that
these transporters have the ability to mediate cross-resistance
to unrelated antifungals or metabolic inhibitors. In order to
determine whether or not a given substance is a potential
substrate for multidrug efﬂux transporters, different
approaches have been taken. One consists of functional
expression of the C. albicans multidrug efﬂux transporters in
the baker’s yeast S. cerevisiae carrying a deletion of the
PDR5 gene [30, 42]. Depending on the acquisition of resistance of S. cerevisiae mutants expressing these speciﬁc transporters against a given compound, the substance can be
considered as a potential substrate for the expressed multidrug transporter. Potential substrates for the multidrug efﬂux
transporters encoded by CDR1 and CDR2 include almost all
azole antifungals of medical importance, including ﬂuconazole, itraconazole, posaconazole, and voriconazole, and
other antifungal agents, such as terbinaﬁne and amorolﬁne.
For the multidrug transporter encoded by MDR1, ﬂuconazole
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was the only relevant substrate among azole antifungals.
Several antifungal agents could not be assigned as substrates
(AmB, 5-ﬂuorocytosine). Since not only azoles, but other
antifungals, such as terbinaﬁne and amorolﬁne, can be taken
simultaneously as substrates by several multidrug efﬂux
transporters, multidrug efﬂux transporter genes, when overexpressed in clinical yeast isolates, have the potential of
mediating cross-resistance to different antifungal agents.
Data suggest that the upregulation of MDR1 is responsible
for the speciﬁc resistance to ﬂuconazole in Candida isolates,
and this is consistent with the observation that MDR1 overexpression in S. cerevisiae was only conferring resistance to
ﬂuconazole [30].

Resistance to Azole Antifungals Involving
Alterations of the Cellular Target
Target alterations are known resistance mechanisms for two
classes of antifungal agents, azoles and echinocandins.
Resistance mediated by alterations in Erg11/Cyp51, the targets of azoles, has been widely documented involving either
mutations or upregulation of their genes. A large number of
non-synonymous nucleotide polymorphisms (up to 110,
including 100 with unique substitutions) have been described
in ERG11 alleles originating from C. albicans azole-resistant
isolates. The degree of ERG11 polymorphism is therefore
high and suggests that Erg11p is highly permissive to structural changes resulting from amino acid substitutions. The
contribution of each individual mutation to azole resistance
is, however, difﬁcult to estimate because ERG11 mutations
often occur in combination (from 2 to 4 combined mutations)
in the same allele and because resistance mechanisms are
often combined in azole-resistant C. albicans isolates [69].
Using different approaches, including heterologous expression in S. cerevisiae, enzyme assay in C. albicans extracts,
and site directed mutagenesis, evidence for their involvement
in azole resistance has been provided for at least some of
these mutations (F72L, F145L, G464S, Y132F, R467K,
S405F) [70–76].
In A. fumigatus, itraconazole resistance in clinical isolates
is associated with the occurrence of amino acid substitution
in Cyp51A, which is the functional ortholog of Erg11p in this
fungal species. Interestingly, mutations at position G54 contribute only to itraconazole resistance and not to voriconazole
resistance [77, 78]. In contrast, mutations at position M220
confer itraconazole resistance and also high MICs to voriconazole and posaconazole [79]. Similarly, mutations at positions
L98 and G138 recently described in Cyp51A conferred
cross-resistance to all azoles [79]. The Cyp51A mutation
L98H is consistently combined with cyp51A upregulation.
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This mechanism allows cross-resistance to all known azoles
[80]. Intriguingly, the L98H substitution and cyp51A upregulation mechanisms were also found in isolates of environmental origin, thus raising the question on how azole resistance
was acquired in a non-medical environment [81].
In C. neoformans, analysis of ERG11 from a clinical
azole-resistant isolate showed a point mutation linked an
amino acid substitution G484S that was not observed in the
parent azole-susceptible isolate [82]. Recent studies demonstrated that azole resistance in this yeast species can be due
to heteroresistance, which is a mechanism by which resistance can be induced or reversed in a portion of a growing
population [83].
Upregulation of ERG11 has been mentioned as a possible
cause of azole resistance in a few cases in C. albicans, C.
glabrata clinical isolates and in a single C. tropicalis isolate
[84]. Upregulation of ERG11 does not exceed a factor of 3–5 in
azole-resistant isolates when compared to ERG11 expression
in related azole-susceptible strains [29, 85–87]. Upregulation
of ERG11 can be achieved in principle by deregulating gene
transcription or by gene ampliﬁcation.
In S. cerevisiae, ERG11 is regulated by two transcriptional activators, Upc2p and Ecm22p, which are members of
the Zn2-Cys6 transcription factor family [88]. They act
through binding to regulatory elements present in the ERG11
promoter called the Sterol Regulatory Element (SRE). Other
SREs are found in genes involved in sterol biosynthesis. A
single C. albicans gene (UPC2) with homology to both S.
cerevisiae genes, has been identiﬁed and characterized [89,
90]. Deletion of UPC2 in C. albicans caused loss of ERG11
upregulation in response to azole drugs, which occurs otherwise in the parent strain. Promoter deletions and linker scan
mutations localized the region important for azole induction
to a segment from −224 to −251 upstream of the start codon.
This segment contains two 7-bp sequences (5c TCGTATA 3c)
separated by 13-bp [91] forming an imperfect inverted repeat,
a typical feature for binding to Zn2-Cys6 transcription factors
[67]. The Upc2p core binding sequence is conserved between
Candida and Saccharomyces. This core is found in the
ERG11 promoter in a region identiﬁed as important for azole
induction of ERG11 expression [90].
As mentioned above, upregulation of cyp51A in A. fumigatus has been detected in clinical isolates with cross-resistance to several azole antifungal agents. This upregulation is
associated with a (L98H) substitution in Cyp51A and with
the presence of a 34-bp tandem repeat in the cyp51A promoter [80]. This resistance mechanism has been also identiﬁed in A. fumigatus isolates originating from the environment
in the Netherlands. Exposure of environmental isolates to
agricultural azole fungicides is suspected as a possible cause
of the emergence of such azole-resistant isolates recovered
from treated patients [81].
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Gain-of-Function Mutations in Regulators
of Azole Resistance
The elevated transcription of genes targeted by the transcription factors TAC1, MRR1, CgPDR1 and UPC2 that is
observed in azole-resistant clinical isolates is thought to be
due to their intrinsic activation. This state of activation,
which does not require external stimuli, can be obtained
when the transcription factors are modiﬁed by mutations, as
it is known to occur in several other microorganisms [67, 92].
Consistent with this hypothesis, transcription factor alleles
from azole-resistant isolates were shown to confer constitutive high expression of their drug resistance gene targets and
thus, azole resistance when expressed in an azole-susceptible
background [36, 45, 56, 62, 65, 66, 93–95]. This was ﬁrst
demonstrated in C. albicans in which two types of TAC1
alleles were isolated from clinical isolates: wild-type alleles,
which conferred transient CDR1 and CDR2 upregulation in
response to drugs, and hyperactive alleles, which were isolated from azole-resistant strains and conferred constitutive
high CDR1 and CDR2 expression and therefore drug resistance to a mutant strain lacking TAC1 [56, 93]. Sequencing
of these alleles revealed that wild-type and hyperactive
alleles differed by single point mutations leading to single
amino acid substitutions deﬁned as gain-of-function (GOF)
mutations.
Several hyperactive alleles from MRR1, CgPDR1 and
UPC2 were identiﬁed and harbored GOF mutations. By
increasing the number of investigated isolates, the number

Fig. 4 Positions of gain-of-function mutations in transcriptional activators of azole resistance. Repartition of the GOF mutations (black
bars) identiﬁed in the transcription factors Tac1p, Mrr1p and CgPdr1p.
All GOF mutations are indicated by their position in each activator,
with the exception of position 962–969, which indicates a deletion
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of GOF for each gene has also considerably increased.
Large-scale sequencing of TAC1 alleles from C. albicans
clinical isolates has to date identiﬁed 39 hyperactive alleles
harboring 16 different GOF mutations at 12 distinct positions.
Three other GOF mutations introduced by random mutagenesis were also able to confer hyperactivity to a TAC1 wild
type allele [56, 93, 96, 97] (Fig. 4). The majority of these
GOF mutations (15) are located in the C-terminal portion of
TAC1 corresponding to a putative transcriptional activation
domain, while the remaining mutations are situated in the
Middle Homology Region (MHR) and the N-terminal part of
the protein, which are regions with no deﬁned function
(Fig. 4). How these mutations affect the transcriptional activity of TAC1 remains unknown. Although other transcription
factors have been shown to regulate CDR1 expression in laboratory studies [50, 98], only mutations in Tac1p have been
found to be responsible for CDR1 and CDR2 upregulation in
clinical C. albicans azole-resistant isolates.
Similar to CDR1/2 upregulation by Tac1p, MDR1 overexpression is also caused by GOF mutations in its regulator,
Mrr1p [62]. So far, 14 distinct GOF have been identiﬁed in
MRR1 on 13 distinct positions spanning throughout the open
reading frame (Fig. 3) [94]. As for Tac1p, the functional
domains of Mrr1p are still unknown. It is therefore difﬁcult
to speculate about the molecular mechanism underlying
Mrr1p hyperactivity. Nevertheless, GOF mutations were also
identiﬁed in CdMRR1, the MRR1 homolog of C. dubliniensis
indicating that GOF mutations affect similarly the activity of
Mrr1p in both C. albicans and C. dubliniensis [63]

between amino acid position 962–969. Data for TAC1, MRR1 and
CgPDR1 were obtained from published reports [45, 62, 64, 94, 96].
DBD DNA binding domain, ID inhibitory domain, MHR middle homology region, AD activation domain
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C. glabrata differs from C. albicans with respect to the
diversity of GOF mutations in CgPDR1 [45]. Three studies
have identiﬁed four separate amino acid substitutions in
CgPdr1 of azole-resistant strains which are responsible for
constitutive high expression of ABC-transporter genes and
of CgPDR1 itself [36, 65, 66]. Large-scale analysis of
CgPDR1 alleles from C. glabrata clinical azole-resistant isolates identiﬁed 70 alleles, from which only 12 were wild type
allele and 58 were hyperactive alleles. These 58 hyperactive
alleles contain 58 distinct GOF mutations yielding 57 single
amino acids substitutions located at 51 different positions
along the protein with some “hot spots” near the N-terminal
inhibitory domain, the central MHR domain and the
C-terminal activation domain [45].
Up to now, a single UPC2 GOF has been described in C.
albicans from an isolate exhibiting high ERG11 expression
levels. Using genome-wide gene expression proﬁling, it was
revealed that UPC2 and other genes involved in ergosterol
biosynthesis to be coordinately upregulated with ERG11 in a
ﬂuconazole-resistant clinical isolate compared with a
matched susceptible isolate from the same patient [95].
Sequence analysis revealed that the resistant isolate contained a single-nucleotide substitution in one UPC2 allele
that resulted in a G648D substitution. This substitution
aligned functionally to a UPC2 dominant allele previously
obtained from S. cerevisiae with a G888D substitution [99].
The hyperactivity conferred by the C. albicans UPC2 mutant
allele may contribute to increase azole resistance by ERG11
upregulation, but especially when ERG11 contains already
mutations affecting azole binding.

Azole Resistance Mechanisms Involving
Alterations in the Ergosterol Biosynthetic
Pathway
Analysis of the sterol composition of azole-resistant yeasts
has provided several hypotheses on speciﬁc alterations of
enzymes involved in the complex ergosterol biosynthetic
pathway. Accumulation of ergosta-7,22-dienol-3E-ol was
observed in two separate azole-resistant C. albicans clinical
isolates, which is a feature consistent with an absence of sterol
$5,6 desaturase activity encoded by ERG3 [11]. The role of
ERG3 in azole resistance originates also from the observation that treatment of a normal yeast cell with azoles inhibits
Erg11p and thus results in accumulation of 14D-methylated
sterols and 14D-methylergosta-8,24(28)-dien-3E,6D-diol.
Formation of this later sterol metabolite is thought to be catalyzed by the ERG3 gene product (the sterol$5,6 desaturase)
and thus inactivation of this gene suppresses toxicity and
causes azole resistance (Fig. 3). Several azole-resistant isolates originating from C. albicans and C. dubliniensis have
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been characterized and contain loss-of function ERG3 alleles
[12, 100, 101]. Other defects of genes participating in ergosterol biosynthesis were recently identiﬁed in C. glabrata.
These involve ERG6 encoding C-24 sterol methyltransferase,
which contains missense or nonsense mutations [14, 15].
Both ERG6 missense mutations decreased AmB susceptibility but enhanced azole susceptibility. Resistance to AmB can
be expected when ergosterol biosynthesis is defective by
alteration of genes involved in its biosynthesis. However,
ERG3 defects in clinical isolates or in vitro generated mutants
have resulted in only modest MIC shifts as compared to wild
type isolates. It is only when ERG11 is inactivated that high
level AmB resistance can be measured [16].

Azole Resistance Mechanism
and Their Combination in Clinical Isolates
In some studies investigating resistance mechanisms to
azoles in clinical isolates, it was possible to recover sequential isolates from patients treated with these compounds
showing a stepwise increase in azole resistance, as measured
by susceptibility testing. The stepwise increase in azole
resistance indicated that different resistance mechanisms
could operate and through sequential addition, explain the
increase in azole MIC values. Several examples have been
reported documenting the multifactorial basis of azole resistance in clinical isolates. The combination of resistance
mechanisms seems to be associated with a high level of azole
resistance, resulting for example, in MIC values for ﬂuconazole exceeding 64 Pg/mL [86].
Alterations of the target enzymes by several distinct single or multiple mutations and upregulation of multidrug
transporters from two different families gives great ﬂexibility for the possibility of a combination of resistance mechanisms. Molecular epidemiology of azole resistance performed
mainly with C. albicans isolates demonstrated that the diversity of resistance mechanism combinations was high enough
that there are only a very few azole resistant isolates with
identical patterns of ERG11 mutations and proﬁles of multidrug transporter genes expression.
The relative frequency of resistance mechanisms in large
populations of azole-resistant isolates has been investigated
in only a few studies. Perea et al. [86] showed that 85% of
azole-resistant isolates upregulated multidrug transporter
genes and that 65% contained ERG11 mutations linked to
azole resistance. Overall, 75% of the azole-resistant isolates
manifested a combination of resistance mechanisms. These
numbers match our data for isolates from 18 HIV-infected
patients, in whom azole-resistant isolates were recovered. Of
these isolates, 82% showed upregulation of multidrug transporter genes, 63% contained ERG11 mutations linked to
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azole resistance, and 50% showed a combination of resistance
mechanisms (D. Sanglard, unpublished). The relative distribution of the type of multidrug transporter genes upregulated
in these populations is in favor of the ABC-transporters CDR1
and CDR2; these transporters are upregulated approximately
in twice as many azole-resistant isolates than is observed for
isolates with MDR1 upregulation.
Combinations of resistance mechanisms are not always
linked with high levels of resistance. In C. glabrata azoleresistant isolates, a single resistance mechanism, upregulation of the CgCDR1 ABC-transporter gene, is responsible
for acquisition of high levels of azole resistance. Genetic
evidence has also been provided for the occurrence of this
single resistance mechanism by deletion of CgCDR1 in an
azole-resistant strain, which results in a decrease of ﬂuconazole
MIC values near to those obtained in the parental azolesusceptible isolate [35].

Chromosomal Rearrangements Affecting
Multidrug Transporter Expression
In C. albicans, high levels of azole resistance usually develop
gradually as a result of sequential alterations or combinations
of mechanisms due to continuous pressure exerted by the drug.
As above explained, the acquisition of GOF mutations in transcriptional activators of drug resistance, including TAC1,
MRR1 or UPC2, is only a ﬁrst step in the development of azole
resistance. Since these GOF mutations are co-dominant, C.
albicans needs to carry two hyperactive alleles of each activator in order to develop high levels of azole resistance [56, 93].
These events usually occur from loss of heterozygosity through
chromosome loss and reduplication or mitotic recombinations.
Moreover, these chromosome alterations can be accompanied
by acquisition of extra chromosomal elements to increase gene
copy number of transcriptional activators. For example, TAC1
being located on the left arm of chromosome 5, isochromosome formation with two left arms (i5L) is facilitated.
Curiously, ERG11 is situated near the end of this same chromosome arm and thus i5L formation results in a parallel
increase of two major contributor of azole resistance [102, 103].
Retrospective studies have identiﬁed in C. albicans isolates
with high azole resistance a high proportion of isolates harboring
the i5L [93, 102].
Chromosome alterations as a mode of gene copy increase
of drug resistance genes was also recently documented in C.
glabrata. De novo mini-chromosome formation was identiﬁed in some azole-resistant isolates. In one case, the minichromosome included a genome segment containing
CgCDR2, an ABC-transporter known to contribute to azole
resistance [104]. Although the relevance of this speciﬁc
effect was not demonstrated by genetic approaches, it suggests

that C. glabrata is also able to adapt to drug resistance by
chromosomal rearrangements.

Alternative Mechanisms of Azole Resistance
In addition to the resistance mechanisms described above,
alternative pathways for the acquisition of azole resistance
can be used by yeast and moulds. One interesting alternative
for development of azole resistance uses the ability of fungal
pathogens to form bioﬁlms on synthetic or natural surfaces.
Bioﬁlms constitute a physical barrier for the efﬁcient penetration of antifungals, which could explain why organisms
embedded in these structures become recalcitrant to antifungal action. Measurement of drug susceptibilities in bioﬁlms
of C. albicans or C. dubliniensis yielded high MIC values for
azoles and AmB, as compared to planktonic cells. Bioﬁlms
still exhibit high susceptibility to caspofungin probably
because bioﬁlms contain beta-glucans in their matrix and
impairment of glucan synthesis by caspofungin also perturbs
bioﬁlm formation [105]. There are at least two situations in
which bioﬁlms can form in vivo: when cells grow as multilayers on mucosal surfaces, as seen in oropharyngeal candidiasis, and on synthetic surfaces of catheters. Resistance to
antifungal agents by bioﬁlm formation is therefore limited to
speciﬁc clinical situations.
The molecular basis for antifungal resistance in bioﬁlms is
still poorly understood, although several explanations have
been provided. Recently published studies suggest that bioﬁlms contain variable proportions of persister cells (phenotypic variants) that are more tolerant to drug action [106]. The
term of tolerance is used here to reﬂect that these cells have the
ability to survive to drug action without expressing or using
resistance mechanisms, as deﬁned by Lewis [107]. Bioﬁlms
also contain heterogeneous cell population at different growth
stages, each with different transcriptional activities of genes
known to be involved in drug resistance, such as ERG11,
CDR1, CDR2, MDR1, and thus can contribute transiently to
drug resistance [108–110]. Bioﬁlms can also sequester antifungal agents, azoles and AmB, in the polymers of the matrix
and thus neutralize their inhibitory effects [111].

Echinocandins
The cell wall is an essential component for the maintenance of
turgor of the fungal cell and is absent from mammalian cells.
The fundamental components of the cell wall of most fungi
comprise chitin, alpha- and beta-linked glucans, mannoproteins, and glycosylphosphatidylinositol (GPI)-anchored proteins. The echinocandins are cyclic lipopeptides that target the

146

biosynthesis of individual cell wall components and are
therefore attractive as antifungal drugs. They are non-competitive inhibitors of beta-1,3 glucan synthase, which is part of
an enzyme complex that forms the major glucan polymers of
most pathogenic fungi. Glucan synthases in S. cerevisiae are
encoded by 2 separate genes, FKS1 and FKS2 [112], whose
simultaneous deletion is not viable. FKS-like genes have been
cloned from other fungal pathogens, including C. albicans, C.
neoformans, and Paracoccidioides brasiliensis [113–116].
Synthetic variations on the echinocandin moiety have
produced several molecules with improved water solubility,
antifungal potency, and efﬁcacy in animal models. The compounds that are currently in clinical use include caspofungin,
micafungin, and anidulafungin. Caspofungin is a semisynthetic analogue of pneumocandin Bo and was the ﬁrst commercialized echinocandin derivative [117]. It is water-soluble
and is only available in parenteral form. It has fungicidal
activity against a large number of Candida spp. and activity
against most Aspergillus spp. MIC values for these pathogens range between 0.12 and 2 Pg/mL. A. fumigatus MICs
for caspofungin are atypical [118]; requiring other criteria
for measuring activity of the echinocandins against
Aspergillus spp. [119]. The Minimal Effective Concentration
(MEC) estimates cell damage assessed by morphological
changes seen under the microscope, rather than by a decrease
in growth, as classically recorded in standard MIC tests.
Echinocandin resistance was ﬁrst investigated in the
model yeast S. cerevisiae with a mutant R560-1C resistant to
the semisynthetic pneumocandin derivative, L-733,560.
Glucan synthesis catalyzed by a crude membrane fraction
prepared from the S. cerevisiae was resistant to inhibition by
L-733,560. The nearly 50-fold increase in the 50% inhibitory concentration against glucan synthase was paralleled
with the increase in whole-cell resistance [120]. Echinocandin
resistance has been established in C. albicans either by mutagenesis or by spontaneous selection at low frequency of
resistant mutants on echinocandin-containing medium.
Resistant mutants increased their MIC values to echinocandin derivatives by 50- to 100-fold. The IC50 of glucan synthase activity was affected to variable degrees from 4- to over
5,000-fold in these mutants, suggesting that alterations in
this enzyme were responsible for resistance. With the cloning of the FKS1 gene encoding a subunit of beta-1,3 glucan
synthase in C. albicans, genetic evidence was provided for
this possibility since disruption of FKS1 echinocandin-resistant alleles in C. albicans resistant mutant resulted in loss of
resistance [113, 115]. These experiments also gave the evidence that echinocandin derivatives were targeting FKS1 in
C. albicans. The development of echinocandin resistance
was a rare event in C. albicans, and it was coupled with
reduced virulence in animal models [121].
After several years of clinical use, echinocandin resistance has been reported in several studies. Target alterations
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have been observed conferring echinocandin resistance
essentially by acquisition of mutations in FKS1 [122]. These
mutations are located in two hot-spot regions (HS1, HS2),
however HS1, located between residues 641 and 649 of the
C. albicans Fks1p, is the region with most substitutions
[123]. These mutations generally cause cross-resistance to
all three echinocandins. FKS1 modiﬁcations in HS1 domains
have also been detected in other species including C. tropicalis [124], C. glabrata [125] and A. fumigatus [126].
Intrinsic reduced susceptibility of C. parapsilosis is also
attributed to natural substitution in the HS1 domain [127].
Several beta-1,3 glucan synthase subunits exist in fungal
genomes and therefore mutations in these additional genes
can also be targeted by mutations. For example, substitutions in Fks2p from C. glabrata are associated with caspofungin resistance [128, 129]. Little is known about the
relationship between the altered expression of echinocandin
target genes and resistance. It was reported that the activation of the cell integrity pathway by exposure to caspofungin
can result in enhanced expression of FKS genes [130]. No
intrinsic overexpression of FKS genes has been yet associated with the acquisition of resistance in Candida spp. On
the other hand, it was shown that A. fumigatus could develop
caspofungin resistance by upregulation of FKS1.
Interestingly, no mutation in this gene could be identiﬁed in
the resistant isolate [131].

Current Situation with Antifungal
Drug Resistance
Antifungal resistance over the last 10–15 years has been seen
with ﬂuconazole and itraconazole in oropharyngeal Candida
infections in patients with AIDS. However, with the introduction of highly active antiretroviral therapy for HIV infection, this disease has markedly decreased [132], and
azole-resistant isolates from AIDS patients are now rarely
isolated. The extensive use of azole antifungals during the
last decade, either for treatment or prophylaxis of fungal diseases, has provided a favorable environment for the emergence of yeast species intrinsically resistant, such as C.
krusei and C. glabrata. Available prospective data from oral
and vaginal samples from more than 1,220 women between
1993 and 1995 [133] however, have shown little shift in the
spectrum of species. C. albicans accounted for 87% of isolates at the start of the study, 84% after 1 year and 83% after
2 years. Recent data published by the same group show that
azole MIC90 values have not changed over a 2-decade period;
however, the percentage of isolates with elevated azole MIC
values has increased [134, 135]. The data for HIV-negative
patients showed a similar (82–87%) prevalence of C. albicans. Therefore, currently, azole usage appears to have little

Resistance to Antifungal Drugs

effect in selecting for Candida species with intrinsic azole
resistance in patients who have mucosal candidiasis.
Large surveillance studies performed in North America
and in Europe have looked at the problem of antifungal resistance in disseminated infections. In a review discussing this
issue, the main conclusion was that for C. albicans, which is
the main cause of candidemia, no signiﬁcant shift in ﬂuconazole or itraconazole MICs has been yet measured [136].
However, a shift towards intrinsically resistant non-albicans
Candida species has been reported in certain patient populations and in certain institutions. A review of many studies
supports a correlation of C. glabrata and C. krusei prevalence with increasing use of ﬂuconazole [136]. The use of
azoles has also resulted in the emergence of uncommon
moulds with intrinsic resistance [137], and the acquisition of
azole resistance in A. fumigatus is a future concern. In the
Netherlands, the incidence of A. fumigatus species with azole
cross-resistance is now as high as 6%. In UK this value was
estimated as a high as 8% in 2004 [138]. Some of the azoleresistant isolates were related to others found in the environment in the Netherlands, where triazoles have been used in
agriculture for the past 10 years [81].
Physicians faced with the treatment of fungal diseases
have seen that fungal pathogens have versatile tools for
developing resistance mechanisms. This phenomenon has
been amply shown with azole resistance in AIDS patients
before the introduction of antiretroviral therapy, and is continuing to be manifested in hospitals in which antifungal
agents are commonly prescribed, On the other hand, antifungal agents are now available that have that have improved
properties and with new modes of actions that offer attractive
alternatives for the treatment of fungal diseases.
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Combination Antifungal Therapy
Elizabeth Dodds Ashley and Melissa D. Johnson

Invasive fungal infections continue to cause signiﬁcant
morbidity and mortality among hospitalized patients. In
particular, recent studies indicate an increase in the incidence
of mould infections among transplant recipients, and Candida
species have risen to be the third most common pathogen
isolated among intensive care unit patients [1, 2]. Advances
in modern medical treatment have led to growth in the at-risk
population for fungal infections [3]. For example,
Cryptococcus neoformans has re-emerged as a growing
cause of invasive fungal disease due in large part to the
development of novel immune therapy for malignancies,
rheumatologic disorders, and management of rejection in
transplant populations [4]. Unfortunately, these infections
are associated with failures and high rates of relapse even
when patients receive recommended therapy [5, 6]. Treatment
of invasive mycoses continues to be challenging and
complicated by the net state of immunosuppression among
infected hosts combined with relative lack of efﬁcacy,
signiﬁcant toxicity, drug–drug interactions, and drug
resistance associated with available antifungal agents.
Since 2000, the antifungal market has expanded greatly,
with FDA approval of three agents belonging to a novel class,
the echinocandins, as well as two new agents in the wellestablished azole class. In addition, clinical development has
continued to progress on other new antifungal agents with
unique mechanisms of action. These advances have expanded
treatment options for patients with invasive mycoses. Given
the addition of agents with novel targets of antifungal activity,
the permutations available for combination treatment
approaches have grown signiﬁcantly. Unfortunately, while
the concept of combination therapy is appealing to clinicians
hoping to improve outcomes of patients with systemic mycoses, most of these antifungal combinations have not been
evaluated in prospective controlled clinical trials. Numerous
in vitro investigations and trials in animal models of fungal
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infection have been performed. Many of these data are
conﬂicting, however, which further limits our ability to make
generalizations or predictions about efﬁcacy of various combinations of antifungal agents in humans with invasive mycoses. It seems clear that combinations will continue to be
pursued with vigor in the hopes of improving patient outcomes and identifying optimal therapy for these serious
infections.
This chapter summarizes the rationale behind combination antifungal therapy and includes a discussion of the relative beneﬁts and risks of such an approach. Available data
from in vitro investigations, animal models of infection and,
where possible, human trials are described. We also discuss
potential areas for future exploration in this arena.

Rationale for Combination
Antifungal Therapy
The rationale for combination antifungal therapy has been
discussed extensively in recent literature [7–11]. While combination therapy is commonplace in other disease states such
as neoplasms, hypertension, dyslipidemia, and infections,
including endocarditis, HIV infection, and mycobacterial
disease, its use in fungal infections has been historically conﬁned to cryptococcal meningitis. Since morbidity and mortality of invasive mycoses remain unacceptably high, many
clinicians feel justiﬁed in pursuing treatments that would
hopefully improve patient outcomes.
With that in mind, there are a number of scenarios in
which combination antifungal therapy may provide beneﬁt.
These include a desire to (1) increase antifungal killing
activity of one or more antifungal agents; (2) broaden the
spectrum of antifungal activity to cover more pathogens or
potentially resistant pathogens; (3) reduce emergence of
resistant pathogens; (4) potentially minimize drug-associated
toxicities by reducing dosages of antifungal agents in combination; and (5) deliver antifungal agents to multiple body
sites, capitalizing on the unique spectrum of activity and/or
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pharmacokinetics of each drug while limiting toxicity [7,
10, 12]. Before being routinely adopted in clinical practice,
however, a few potentially detrimental effects of antifungal
combinations need to be addressed, including (1) antagonism, (2) increased cost in the absence of proven clinical
beneﬁts, and (3) increased potential for drug interactions
and/or toxicities [8, 10].

Potential Beneﬁts of Combination
Antifungal Therapies
Synergy is deﬁned as increasing activity of one or more
agents beyond that expected when using either agent alone.
This potential for synergy is perhaps the most compelling
argument behind combination antifungal therapy. Classically,
combination therapy in the clinical setting has involved
simultaneous use of agents that are both considered therapies
for the condition being studied, but there are numerous
examples of nontraditional agents potentially beneﬁtting
antifungal regimens. Each of these will be addressed.
A second paradigm for use of agents in combination
includes use of one or more agents to increase antifungal activity of a drug that has insufﬁcient potency when used alone.
Each of the antifungal agents released since 2000 has notable
gaps in its spectrum of antifungal activity, which makes combinations necessary in order to cover potential causative pathogens or multiple fungi causing infection in some clinical
settings. In the case of some fungal infections, often two agents
are employed in attempts to avoid the toxicities associated
with amphotericin B, as no other available antifungal agent
offers the spectrum associated with amphotericin B.
The simultaneous use of ﬂucytosine with other antifungals has been the classic example of a situation in which
combination therapy reduces development of resistance to an
antifungal agent. Resistance rapidly develops to ﬂucytosine
when used alone for systemic fungal infections; numerous
investigations have demonstrated that addition of amphotericin B or an azole compound minimizes development of ﬂucytosine resistance [13].
More recent investigations have suggested that HSP90
inhibitors (geldanamycin or radicicol) and/or calcineurin
inhibitors (cyclosporine A or tacrolimus) can reduce azole
resistance among laboratory strains of Candida albicans [14].
This reduction in resistance has been shown for
echinocandins, as well, for which inhibition of HSP90 with
geldanamycin or calcineurin with cyclosporine A reduced tolerance of Aspergillus fumigatus laboratory strains to caspofungin [15]. These agents, given in combination regimens with
antifungal drugs, may prevent the development of resistance
during prolonged treatment courses, but these theories require
more prospective evaluation.
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Several antifungal agents have well-established
dose-related toxicities. These include nephrotoxicity with
amphotericin B as well as visual and hepatic toxicities with
voriconazole [16–18]. If synergistic activity could be conﬁrmed between two agents, there is the possibility that lower
doses of each agent might be used to reduce the likelihood of
these toxicities. For example, in cryptococcal meningitis,
lower doses of amphotericin B were successful when combined with ﬂucytosine, and ﬂucytosine dosages were successfully reduced from 150 mg/kg/day to 100 mg/kg/day when
ﬂucytosine was combined with amphotericin B [19, 20].
While some in vitro studies have attempted to assess the
effect of varying drug concentrations, no published clinical trials have explored varying doses of the antifungal agents in
combination to achieve synergy. This seems unlikely to occur
based on the necessary sample size and potential risks of
undertreatment. It is our opinion that in the clinical setting
maximal doses of each agent should be employed and will
hopefully result in at least additive, if not synergistic, results.
Another rationale for combination antifungal therapy
involves using agents simultaneously to target multiple body
sites. This approach has recently been employed in prophylaxis for invasive fungal infections in high-risk bone marrow
transplant recipients, with a combination of systemic ﬂuconazole and aerosolized amphotericin B lipid complex [21].
This combination allowed a less-toxic approach to prophylaxis
via (1) delivery of amphotericin B directly to the lung (where
Aspergillus species and other fungi are likely to initiate infection) and (2) delivery of ﬂuconazole systemically to prevent
invasive candidiasis and cryptococcosis. Such a strategy has
also been proposed as a mechanism to treat both urinary tract
fungal infections and systemic fungal infection when susceptibilities do not allow for administration of a single antifungal agent with adequate urinary penetration.

Potential Challenges with
Use of Antifungals in Combination
Probably the most obvious concern with using antifungal agents
in combination, particularly those with the same biologic target,
is attenuation of the antifungal activity of one or both agents.
For example, azole antifungals exert their antifungal activity by
decreasing the production of ergosterol, the target for amphotericin B [22]. The azoles have, in fact, been implicated in reducing subsequent activity of amphotericin B in in vitro studies of
pathogenic fungi, animal models, and human disease [7, 23].
Interestingly, however, this theoretical antagonism has not been
consistently observed either in additional in vitro experiments
or in human infection [24, 25]. In a prospective, multicenter
randomized trial in which amphotericin B or placebo was added
to ﬂuconazole for the management of invasive candidiasis there
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was no difference in the primary outcome of time to failure
(p = 0.08) [25]. In addition, overall treatment success was higher
among those who received the combination of ﬂuconazole and
amphotericin B versus ﬂuconazole plus placebo (69% vs 56%
respectively, p = 0.043) In a study of HIV-associated cryptococcal meningitis, the combination of ﬂuconazole and amphotericin B was associated with similar reduction in colony-forming
units (CFU) in cerebrospinal ﬂuid and mortality as amphotericin B alone [ 24]. While antagonism remains a valid concern for
combination therapies, these studies suggest that in vitro ﬁndings require validation in vivo.
Increased costs are another concern with use of combination antifungal therapies. Since these medications currently
top the drug budgets for many institutions, it is intuitive that if
widespread use of combination antifungal therapy is adopted,
these expenditures will increase. What is not known at the
present time is whether or not these costs will be justiﬁed
when the other complex variables associated with treatment of
invasive fungal infections are considered. Once the clinical
role of combination antifungal therapy is more deﬁnitively
established, pharmacoeconomic studies will be needed.
Polypharmacy arising from the use of agents in combination can result in an increased risk of drug–drug interactions,
toxicity, or both. For example, liver enzyme elevations have
been associated with both azoles and echinocandins [22]. It
is not clear if the risk of liver toxicity is increased when these
agents are used concomitantly. Up to now, there are no large
clinical trials to demonstrate safe use of this combination.
Many of the nontraditional agents demonstrating potential
as part of antifungal combination regimens can prompt drug–
drug interactions with coadministered antifungal agents.
Renal toxicity has been associated with both polyenes and
calcineurin inhibitors. Use of these agents together has been
demonstrated to increase risk of renal failure among bone
marrow transplant recipients [26]. Severe renal impairment is
also a potential contraindication to the use of cyclodextrincontaining intravenous voriconazole or itraconazole, since
accumulation of the vehicle may result in renal failure [22].
Drug–drug interactions with azoles via the cytochrome
P450 isoenzyme system have been well documented,
including cases of rhabdomyolysis when azoles are used
with statins [27]. Rifampin has been proposed as a possible
agent to potentiate the activity of many antifungal agents.
This potent inducer of the hepatic cytochrome P450 enzyme
and p-glycoprotein enzyme systems is known to decrease
concentrations of many available antifungal agents, including
voriconazole, posaconazole, and caspofungin [28, 29].
Calcineurin inhibitors also have important interactions with
azoles. Many of these drug–drug interactions will need to be
considered if newer alternative agents are employed as part
of combination antifungal regimens. At present, the limited
human data available for combination antifungal therapy are
insufﬁcient to evaluate these potential interactions.
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Limitations of Available Studies
of Combination Antifungal Therapy
In vitro investigations are by far the most commonly available studies regarding activity of antifungal drugs used in
combination. However, there are numerous examples of conﬂicting data among in vitro investigations of the same antifungal combination for a single pathogen. The reasons for
these differences are multifactorial and can in part be
explained by variations in drug concentration, susceptibility
pattern of the tested pathogen, and differences in experimental conditions. The reasons behind the variability shed light
on another major limitation of these studies: namely, the lack
of clinical applicability [10]. Often, results of in vitro combinations do not correlate with clinical data based on combinations for treatment of fungal disease. The most frequent
example of this is the reported antagonism between amphotericin B and the azoles that arises from the overlapping
mechanisms of action for these agents. This antagonism has
been noted not only in vitro but also in animal models, but it
is not always evident in trials of human disease. Unfortunately,
these ex vivo investigations are frequently the only source of
information readily available to guide clinicians.
Another signiﬁcant limitation of these methods is the lack
of consideration for the host immune system. The host
response, which is essential to successful treatment of fungal
disease, is not tested in these in vitro investigations. The
addition of human serum to pharmacodynamic models of
fungal disease can signiﬁcantly alter the outcome and change
the dynamic proﬁle for the drugs of interest. It is a reasonable extrapolation that the same may be true for studies of
combination antifungal therapy.
Animal models are able to overcome many limitations of
in vitro studies due to the ability to factor in immune response
of the host, although lack of correlation with human studies
remains a problem. This is due in part to the difﬁculty in mimicking human infection in the various animal models of disease.
Another confounding variable is the differences in the pharmacokinetic properties of the antifungal drug in animals compared
to those properties in humans, making it difﬁcult to determine
the appropriate doses needed to simulate human drug exposure.
Animal models are also limited in scale in that it is not as easy
to run experiments in duplicate as it is with in vitro studies.
Human studies obviously provide the most meaningful
data regarding safety and efﬁcacy of combination antifungal
therapies. However, these data are very difﬁcult to obtain
outside of the setting of individual case experiences.
Recruitment to such studies is a major concern, given the
large sample size that would be needed to reliably document
a signiﬁcant difference in outcome of combination therapy
over traditional monotherapy regimens.
Although there is a rising incidence of invasive fungal
infection, the overall number of such infections remains
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relatively low, thereby limiting the pool of potential subjects.
It is also difﬁcult to identify a homogeneous patient population
to include in such studies. The risk factors for invasive fungal
disease result in an infected population with signiﬁcant underlying comorbidities, varying states of immunosuppression,
and treatment considerations for underlying diseases that often
preclude enrollment in a prospective, randomized trial [30].
The high mortality associated with many of these invasive
fungal diseases and the uncertainty regarding appropriate
treatment have led some to adopt combination therapy as routine practice without supportive clinical trials. In this scenario,
questions regarding the ethics of conducting a controlled trial
for these infections have been raised. Together, these factors
pose signiﬁcant barriers to completion of prospective evaluations of combination antifungal regimens that to date have not
been overcome. Randomized, controlled trials of combination
antifungal therapy for the most prevalent invasive fungal
infections have been proposed or are currently underway, and
we eagerly await the results of such investigations.

Until such data are available, clinicians rely on published
human experiences that are primarily limited to case reports
or retrospective single-center perspectives. The external
validity of each of these small studies is always questioned
given the inherent biases associated with the historic control
groups and “n of 1” study designs.

Combination Antifungal Therapy
for Yeast Infections
Cryptococcal Meningitis
The most common historic use of combination therapy in
mycology has been the addition of ﬂucytosine to amphotericin B
for treatment of cryptococcal meningitis. This is traditionally
associated with in vitro synergy (Table 1) [7, 13, 39]. In some

Table 1 Summary of in vitro and animal data for combination antifungal therapy
Pathogen
Combination
In vitro data

Animal data

Candida spp.

Flucytosine + amphotericin B
Flucytosine + azoles
Amphotericin B + azoles
Amphotericin B + rifampin

Synergy or indifference
Synergy, indifference, or antagonism
Antagonism
Synergy

Improved survival
Improved clearance, no effect
No effect, antagonism
NR

Cryptococcus spp.

Amphotericin B + ﬂuconazole
Amphotericin B + ﬂucytosine
Flucytosine + azole

Indifference
Synergy, additive
Additive

Additive, synergistic
Additive, synergistic
Additive, synergistic, indifference

Aspergillus spp.

Amphotericin B + ﬂucytosine
Amphotericin B + rifampin
Amphotericin B + echinocandin
Azole + echinocandin
Amphotericin B + itraconazole
Amphotericin B + micafungin

Additive, synergy, indifference
Synergy
Additive, synergy
Synergy, additive, Indifference
Antagonism
Synergy to additive

Terbinaﬁne + azole
Amphotericin B + azole
Voriconazole + micafungin

Synergy
Indifference to additive
Indifference to synergy

Voriconazole + other azole

Indifference

Improved survival or neutral
NR
Improved survival
Reduced mortality, indifference
Antagonism, indifference
Prolonged survival, decreased fungal
burden
NR
NR
Prolonged survival, decreased fungal
burden
NR

Additive to synergy
NR
Additive
Additive to synergy
Additive to synergy
Synergy
Indifference
Antagonism to synergy
Additive to synergy
Indifference
Synergy
Indifference to synergy
Synergy
Indifference

NR
Improved survival
NR
NR
NR
NR
Prolonged survival
NR
NR
NR
NR
NR
NR
NR

Scedosporium spp.

Zygomycetes

Amphotericin B + rifampin
Amphotericin B + echinocandin
Amphotericin B + ﬂucytosine
Amphotericin B + terbinaﬁne
Voriconazole or itraconazole + terbinaﬁne
Posaconazole + caspofungin
Amphotericin B + posaconazole
Fusarium spp
Amphotericin B + voriconazole
Amphotericin B + caspofungin
Amphotericin B + Anidulafungin
Voriconazole + terbinaﬁne
Itraconazole + terbinaﬁne
Voriconazole + micafungin
Anidulafungin + azole
NR: Not reported in available, published studies
Compiled from references 7, 11, 31-38.
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reports, however, an indifferent, or merely additive effect
in vitro has been demonstrated with the combination, and in a
few cases antagonism has been shown between these two
agents [7, 39]. A partial explanation for these conﬂicting results
may be that in the studies which failed to document synergy,
low drug concentrations or particularly resistant isolates were
utilized [39]. In rabbit and murine models of cryptococcal meningitis caused by ﬂucytosine-susceptible strains of Cryptococcus
neoformans, improved survival rates and a decrease in organism burden were seen with the combination [7, 40].
Attention has also been given to the role of ﬂucytosine in
combination with azole antifungal agents for cryptococcal
disease (Table 1). Results in experiments in both animal and
ex vivo models trended toward synergistic effects when an
azole agent, primarily ﬂuconazole, was given concomitantly
with ﬂucytosine [41]. When higher doses of each agent were
studied, high success rates were noticed in all treatment
groups, making it difﬁcult to interpret any incremental beneﬁt from administering agents in combination.
In a large clinical trial of HIV patients with cryptococcal
meningitis, the combination of amphotericin B and ﬂucytosine enabled more rapid clearance of organisms from cerebrospinal ﬂuid as well as reduced rates of relapse when
compared to amphotericin B alone [19]. Evidence for this
combination is further supported by a randomized trial of
HIV-infected patients with cryptococcal meningitis who
received one of four treatment regimens: amphotericin B plus
ﬂucytosine, amphotericin B alone, amphotericin B plus ﬂuconazole, or a triple combination of amphotericin B, ﬂuconazole, and ﬂucytosine [24]. This study assessed efﬁcacy of
these regimens in 64 patients based on rate of reduction in
colony-forming units (CFU) of C. neoformans at 3, 7, and 14
days after initiating therapy. Interestingly, the combination of
amphotericin B and ﬂucytosine was associated with the greatest reduction in CFU compared to the other three regimens.
Reduction in CFUs was slightly better with amphotericin B
plus ﬂuconazole compared to amphotericin B alone. The triple combination performed similarly to amphotericin B plus
ﬂuconazole. Therefore, although antagonism was not demonstrated for amphotericin B plus ﬂuconazole, the other combinations were no better than amphotericin B plus ﬂucytosine
as initial management of cryptococcal meningitis [24].
Another randomized trial recently compared initial
monotherapy with amphotericin B to combinations of
amphotericin B plus low-dose (400 mg daily) or high-dose
(800 mg daily) ﬂuconazole for HIV-associated cryptococcal
meningitis [42]. After 14 days of treatment, the combination
of amphotericin B and high-dose ﬂuconazole was associated with a trend towards more successful outcomes than
amphotericin B alone (53.7% vs 41.3%) or amphotericin B
plus low-dose ﬂuconazole (53.7% vs 27.1%), but these
differences were not statistically signiﬁcant. The unexpectedly lower rate of early success among those receiving lowdose ﬂuconazole plus amphotericin B could not be explained

by other covariates such as baseline CD4 cell count, viral
load, or burden of cryptococcal disease. However, these
patients had success rates similar to the other treatment
groups 42 and 70 days after their initial induction therapy
followed by consolidation therapy with daily ﬂuconazole
[42]. Another recent study demonstrated an incremental
beneﬁt on early fungicidal activity by increasing amphotericin B dosage to 1 mg/kg/day versus 0.7 mg/kg/day, both in
combination with ﬂucytosine [43]. This trial was too small
to discern differences in toxicity with the higher amphotericin B dose, but the higher dose has been an ongoing concern
among clinicians [44]. Amphotericin B plus ﬂucytosine
remains the preferred initial (induction) therapy for HIVassociated cryptococcal meningitis in developed nations
[45]; amphotericin B plus high-dose ﬂuconazole (800 mg
daily) induction therapy may be investigated in future studies as a promising alternative.

Invasive Candidiasis
In vitro experiments and animal models have explored the
activity of a variety of antifungal combinations against
Candida species (Table 1). As with Cryptococcus, the combination of amphotericin B and ﬂucytosine has largely
appeared synergistic against Candida species [7, 31]. Mixed
results have been observed with the combination of azoles
and ﬂucytosine in vitro, and beneﬁcial impact on survival
and tissue burden was observed with such combinations in
animal models [7]. Echinocandins have been combined with
ﬂucytosine in similar experiments, which have generally
reported indifference in vitro [46, 47].
Echinocandins in combination with azoles have often
been synergistic or indifferent against Candida [47, 48].
Echinocandins have also been combined with amphotericin
B in vitro, resulting in synergy or indifference [49, 50].
Caspofungin combined with liposomal amphotericin B in a
mouse model of invasive candidal infection resulted in similar rates of survival and tissue burden as monotherapy with
either agent, further substantiating indifferent activity [51].
Experience with amphotericin B and azoles against
Candida has been mostly antagonistic in vitro, with mixed
results in animal models based on survival and tissue burden [7, 31]. Sequential exposure has also been problematic
for this interaction; pre-exposure to an azole seems to
attenuate activity of amphotericin B [7, 52–55]. These
ﬁndings have led to substantial concern about using
combinations of amphotericin B and azole agents in the
clinical setting.
Only one large randomized trial has compared FDAapproved combination antifungal therapy to standard therapy
in the clinical setting of candidemia/invasive candidiasis [25].
In this study, 219 evaluable patients received ﬂuconazole
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(800 mg daily) and for the ﬁrst 5–6 days also received either
placebo or amphotericin B (0.7 mg/kg daily). In the primary
analysis of time to failure, the two study groups were similar.
Overall treatment success was higher among those who
received combination therapy versus monotherapy (69% vs
56%, p = 0.043), and more patients receiving ﬂuconazole
monotherapy had a higher rate of persistent fungemia (17%
persistence with monotherapy vs 6% persistence with combination therapy, p = 0.02). On multivariate analysis that
controlled for other factors which would impact outcome,
such as severity of illness, the combination of ﬂuconazole
plus amphotericin B was associated with 38% lower odds of
treatment failure.
However, overall mortality at 90 days was similar between
treatment groups (approximately 40% in each group). Toxicity
associated with amphotericin B was apparent despite the short
exposure period in this study, with 23% of patients in the
combination therapy group requiring a reduction in dosage
versus 3% in the ﬂuconazole/placebo arm. Clearly, no antagonism between amphotericin B and ﬂuconazole was apparent
during this study, and there was a trend towards improvement
in microbiologic outcomes in patients receiving combination
therapy. However, due to the toxicity of this regimen, lack of
impact on time to failure, and the emergence of other fungicidal agents such as echinocandins, the combination of
amphotericin B and ﬂuconazole is not recommended as ﬁrstline therapy for candidemia in the 2009 Infectious Diseases
Society of America (IDSA) guidelines [56].
In contrast, combination antifungal therapy is included as
part of the IDSA recommendations for management of other
forms of invasive candidiasis, which may be particularly difﬁcult to treat and have not been studied in large clinical trials
[56]. Speciﬁcally, a combination of amphotericin B and ﬂucytosine is recommended for at least the ﬁrst several weeks
of treatment of Candida infections of the central nervous
system. This recommendation is based on available in vitro
data and the pharmacokinetic proﬁle of ﬂucytosine which
may optimize concentrations within the CNS.
Similarly, the IDSA guidelines recommend that ﬂucytosine be added to amphotericin B for treating serious cases of
Candida endophthalmitis. In addition, combination therapy
is often considered in initial management of Candida endocarditis, and ﬂucytosine can be added to amphotericin B or a
lipid formulation for this indication [56]. In a meta-analysis
which considered other factors such as surgical intervention,
higher mortality was observed among patients who received
antifungal monotherapy [57]. A more recent trend has been
to add an azole, ﬂucytosine, or even a polyene to
echinocandin therapy for Candida endocarditis, and some
success has been reported with these strategies [58–61].
However, additional data are needed to establish the role of
such combinations in the management of this serious Candida
infection.
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Combination Antifungal Therapy
for Mould Infections
Aspergillosis
Clinicians are continually striving to improve outcomes for
patients with invasive aspergillosis and, toward this end,
numerous antifungal combinations have been studied
(Table 1). Similar to data for yeast infections, results from
in vitro and animal model studies have led to conﬂicting
results [7, 31, 32]. Some of these issues are highlighted in an
in vitro study that looked at triple drug combinations for treatment of various species of Aspergillus [62]. In vitro testing
revealed additive or synergistic effects for most combinations
of echinocandins and azoles tested. However, the addition of
amphotericin B to these combinations caused wide variations
in responses, ranging from enhanced synergy to antagonism.
While in vitro experiments such as these can help to shed
light on appropriate strategies to improve outcomes associated with invasive aspergillosis, they also highlight the need
to base clinical decisions on human data when available.
Perhaps the most attention has focused on combination
therapies for aspergillosis that include an echinocandin in
combination with another drug class. Unlike concerns for
azole and polyene antagonism when given concomitantly,
the use of an echinocandin with either an azole or polyene
appears to at least have no deleterious effects. In most in vitro
models of Aspergillus infection, therapy with an echinocandin has shown variable effects ranging from indifferent to
synergistic activity [7, 11, 12]. When these combination
strategies are further tested in animal models of infection,
activity is often improved with lower mortality and less
fungal-mediated tissue injury [11, 63].
Interestingly, there have been recent reports that suggest
higher echinocandin doses in combination with extendedspectrum triazoles can actually result in antagonistic effects
not observed at lower echinocandin doses [63]. While the
clinical signiﬁcance of such ﬁndings is unknown, these results
serve as another example of the variability of in vitro data.
Limited data are also available for other antifungal combinations, including the use of agents that do not demonstrate
appreciable anti-Aspergillus activity on their own. Results
from studies adding ﬂucytosine or rifampin to amphotericin
B or azole therapies typically demonstrate no beneﬁt to additive activity [7, 11]. Terbinaﬁne may have an important role
in combination regimens for management of invasive aspergillosis. While terbinaﬁne is reported to have variable effects
against Aspergillus when combined with amphotericin
B [64]; enhanced activity is seen when terbinaﬁne is added to
the extended-spectrum triazole agents [64].
Unfortunately, large, prospective clinical trials documenting the efﬁcacy of combination therapy strategies for invasive
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aspergillosis are lacking. Presently available are smaller
clinical experiences that are often retrospective in nature or
limited in other methodologic components [7, 11, 65–70].
Many of these have been in the form of case reports. In general, combinations of amphotericin B with the azoles do not
appear to signiﬁcantly improve outcome for studied patients
[71–73]. In addition, strategies that include an echinocandin
may have some beneﬁt.
Caspofungin has been studied in combination with other
antifungal agents in the management of invasive aspergillosis [67, 69]. In a small, single-center, open-label study,
patients with pulmonary aspergillosis who were failing
therapy with amphotericin B received either voriconazole
(n = 31) or voriconazole in combination with caspofungin
(n = 16) [67]. Combination therapy was associated with
improved survival relative to a historical cohort of patients
who received voriconazole alone. In another study, the combination of caspofungin and voriconazole was used as initial
therapy for invasive aspergillosis in a prospective, multicenter cohort of 40 solid-organ transplant recipients compared to a historical cohort of 47 patients who had received a
lipid formulation of amphotericin B (LFAB) as primary therapy [69]. Treatment success was 70% among those receiving
the combination regimen versus 51% among those who
received LFAB (p = 0.08). Combination therapy as a salvage
approach has also been investigated [68].
Micafungin has been investigated as a single agent or in
combination antifungal therapy as primary or salvage regimens in two recent studies [66, 70]. The ﬁrst study described
225 evaluable adults and children who received micafungin
for proven or probable invasive aspergillosis and who had
refractory disease or were intolerant of initial antifungal
therapy [70]. Micafungin was added to a failing antifungal
regimen in 85% of these patients. Complete/partial responses
were experienced by 35.6% (8% complete, 27.6% partial) of
patients at the end of antifungal therapy, while 53.5% of
patients experienced progression of infection. This small
study showed no advantage of combination antifungal therapy compared to micafungin alone as either primary therapy
(29.4% vs 50%) or salvage therapy (34.5% vs 40.9%).
In a second multicenter retrospective open-label study, 98
adult and pediatric stem cell transplant recipients with invasive aspergillosis (primarily pulmonary disease) received
micafungin as a single agent (8%) or in combination with
other antifungals (92%) as primary (15%) or salvage (85%)
therapy [66]. Amphotericin B or a lipid formulation was most
commonly used in conjunction with micafungin. Treatment
success was experienced by 26% of patients, who had either
complete (5%) or partial (20%) responses. Success rates were
24% among those receiving micafungin in combination with
other antifungals, and 38% among the eight patients receiving
micafungin alone. Other smaller studies and case series have
been performed and suggest that echinocandin combinations

may be promising, but conclusive evidence of synergistic
effects in combination with other agents for invasive aspergillosis remains to be shown [68, 74, 75].
In the IDSA guidelines for invasive aspergillosis updated
in 2008, combination therapy is mentioned, but not endorsed
as a ﬁrst-line treatment option [76]. Combination therapy is
provided as an option for patients failing ﬁrst-line therapies.
The guidelines further highlight the critical need for further
studies evaluating this therapeutic strategy.

Other Medically Signiﬁcant Moulds
Medical advances allowing potent immunosuppressive therapy and routine use of antifungal prophylaxis have changed
the epidemiology of invasive fungal infections. Several of
the more rare fungal pathogens including the Zygomycetes,
Fusarium species and Scedosporium species have emerged
as more common pathogens causing disease. These infections are often difﬁcult to treat and combination antifungal
therapy is one approach that may offer clinical beneﬁt.
There are in vitro and animal data for combination therapy
targeting each of these pathogens (Table 1). For these fungal
pathogens, results from in vitro studies are conﬂicting and,
unfortunately, there are limited data available from animal
models to further guide therapy. Combinations of amphotericin B and voriconazole together or individually with caspofungin, micafungin, or terbinaﬁne all demonstrated synergistic
activity against Fusarium species. However combinations
including anidulafungin were indifferent in their antifungal
effect [11]. Interestingly, the variable susceptibilities observed
for different Fusarium species may also complicate combination regimens [77]. For Scedosporium species, combinations
involving micafungin plus amphotericin B, voriconazole, or
GM-CSF were consistently associated with improved in vitro
activity and more successful end points in the available
murine models of infection [33, 78].
Only a limited number of antifungal agents demonstrate
appreciable activity against Zygomycetes. Utilizing drugs in
combination with minimal to no antifungal activity against
these pathogens in vitro may be one way to expand treatment
options. For the most part, rifampin, terbinaﬁne, or ﬂucytosine
together with amphotericin B result in additive activity [79].
Terbinaﬁne provided synergistic activity when given with
extended-spectrum azoles including voriconazole and itraconazole [80]. Posaconazole, in combination with caspofungin, demonstrated synergistic activity against multiple
Zygomycetes, but addition of posaconazole to amphotericin
B did not improve activity over each agent alone [34, 37].
The few available animal studies for combination therapy of
Zygomycetes have conﬁrmed synergy between amphotericin
B and all of the echinocandins [35].
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The pathophysiology of zygomycosis has led to the
exploration of novel combination strategies for this infection. One of these approaches is to utilize iron chelation
agents, deferasirox or deferiprone, to augment activity of
amphotericin B [81, 82]. This approach is supported by both
in vitro and animal models of infection [81, 82].
For treatment of these uncommon fungal pathogens, available human data exist primarily in the form of case reports
and case series. Combinations successfully used to treat fusariosis have all incorporated an amphotericin B formulation
[83, 84], whereas successful reports of combination treatment
for Scedosporium species have focused on the use of voriconazole as part of the treatment regimen [85–87].
Much of the available human experience with combination therapy for uncommon mould infections has been
obtained in patients with zygomycosis. Many different combinations have been explored for management of individual
patients with severe or refractory infections [88, 89]. In one
review of 41 cases of rhinocerebral disease, a combination
that included an amphotericin B preparation and caspofungin
showed improved outcomes, including survival, compared
with patients receiving monotherapy regimens [90].
Data regarding safety and preliminary efﬁcacy from prospective trials to evaluate iron chelation in combination with
amphotericin B are beginning to emerge [91]. Success was
documented in ﬁve of eight patients who received this combination; however, the importance of adjunctive surgical
management for these patients must be considered [91].
Moreover, not all experiences with iron chelation therapy for
zygomycosis have resulted in dramatic success [91, 92].
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The quinolone agents can enhance activity of ﬂuconazole even
in the setting of ﬂuconazole resistance. Similar results have
been seen with the statins and azoles for C. neoformans [96].
In vitro evidence of synergy has also been reported for combinations of some nonsteroidal agents (ibuprofen, sodium salicylate, propylparaben, and diclofenac sodium) with ﬂuconazole
against some C. albicans [99, 100].
Herbal agents may also beneﬁt antifungal therapies.
Recent investigations have demonstrated synergy with combinations of berberine and ﬂuconazole or amphotericin B
against strains of C. albicans in vitro [101, 102]. Berberine
has also improved survival when added to amphotericin B in
a murine model of disseminated candidiasis [102].
Nontraditional agents may also be beneﬁcial for the
treatment of mould infections. Varying results were obtained
with quinolones and amphotericin B against Aspergillus
fumigatus in vitro, but prolonged survival was reported in
an animal model with this combination [103]. Combinations
of quinolones and ﬂuconazole have also resulted in improved
activity against pulmonary mucormycosis in a murine
model [93].
The current challenge is that for every positive in vitro or
animal in vivo result with combination therapy for fungal
disease, there is conﬂicting evidence, making it very difﬁcult
to incorporate these strategies in clinical care. Results may
only apply to a very speciﬁc group of pathogens. Prospective
evaluations of these strategies in treatment of human disease
are needed before these approaches can be routinely used in
a clinical setting.
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Part III

Mycoses Caused by Yeasts

Candidiasis
Jose A. Vazquez and Jack D. Sobel

Within a few decades, Candida species have progressed
from infrequent pathogens that were largely considered
nuisance contaminants to important and common human
pathogens causing a wide spectrum of superﬁcial and deep
disease. Superﬁcial infections are frequently community
acquired and responsible for considerable morbidity. In
contrast, deep seated, invasive, and systemic Candida infections are usually nosocomial in origin. The pathogenesis
and risk factors for superﬁcial and deep candidiasis,
although overlapping, are markedly different; hence, superﬁcial infection uncommonly results in systemic disease.
Matching the increased incidence of Candida infections
has been the availability in the last 2 decades of successive
generations of antifungal agents.

Organism
Candida are small (4–6 Pm), oval, thin-walled yeast-like
fungi that reproduce by budding or ﬁssion. On culture
media, Candida species form smooth, creamy white,
glistening colonies. The genus Candida is comprised of
over 200 species and constitutes an extremely diverse yeast
species whose common bond is the absence of a sexual
cycle [1]. Only a few species cause disease in humans [2].
Although more than 17 different species of Candida have
been reported as pathogens, more than 90% of invasive
infections are attributed to ﬁve species, Candida albicans,
Candida glabrata, Candida parapsilosis, Candida
tropicalis, and Candida krusei. Less commonly reported
are infections due to Candida kefyr, Candida guilliermondii, Candida lusitaniae, Candida stellatoidea, and Candida
dubliniensis.

J.D. Sobel ( )
Division of Infectious Diseases, Wayne State University School of
Medicine, Detroit Medical Center, Detroit, MI, USA
e-mail: jsobel@med.wayne.edu

Candida albicans remains the major fungal pathogen of
humans and the most common cause of mucosal and systemic fungal infection [3], and is the best characterized of the
Candida species. Candida glabrata (synonym: Torulopsis
glabrata) has become important because of its increasing
incidence worldwide and decreased susceptibility to antifungals. Its emergence is largely due to an increased immunocompromised patient population and widespread use of
antifungal drugs [4, 5]. In many hospitals, C. glabrata is the
second most common cause of candidemia following
C. albicans [3, 6, 7].
Candida parapsilosis in most parts of the world is the
third most common cause of candidemia [3], especially in
patients with intravenous catheters, prosthetic devices, and
intravenous drug use [8, 9]. Candida parapsilosis is one of
the most common causes of candidemia in neonatal intensive
care units [9]. This species produces slime as a virulence factor enabling it to adhere to environmental surfaces and skin
of hospital personnel [10]. Candida tropicalis is the third or
fourth most commonly recovered Candida species from
blood cultures [3, 11]. Leukemia, prolonged neutropenia,
and prolonged intensive care unit (ICU) days are major risk
factors for C. tropicalis candidemia [11].
Candida krusei is the ﬁfth most common bloodstream
isolate. Although less common (1–2%), C. krusei is of clinical signiﬁcance because of its intrinsic resistance to ﬂuconazole and reduced susceptibility to most other antifungal
drugs [3]. Candida krusei is frequently recovered from
patients with hematological malignancies complicated by
neutropenia [12–14], tends to be associated with higher mortality rates (49% vs 28% with C. albicans), and lower
response rates (51% vs 69% with C. albicans), and is associated with prior ﬂuconazole use.
Candida kefyr is a rare species that occasionally causes disease in immunocompromised host [3]. Candida guilliermondii is another rare species. While infections due to
C. guillermondii are uncommon, candidemia and invasive disease in the neutropenic host [15], are reported occasionally as
is endocarditis in intravenous drug addicts. Of clinical
importance is the decreased sensitivity of this species to
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ﬂuconazole and relatively high minimum inhibitory concentrations (MIC) to echinocandins. Candida lusitaniae is uncommon (1–2%), but of clinical importance because of intrinsic or
secondary resistance acquisition to amphotericin B [16]. This
species is typically found in patients with hematological
malignancies and those in intensive care units [17].
Candida stellatoidea is a heterogeneous species with at
least two conﬁrmed subtypes, I and II [18]. Type I differs
from C. albicans in several genetic characteristics and is not
considered a mutant of C. albicans. Type II is a sucrosenegative mutant of C. albicans serotype A [18]. Additionally,
type II isolates appear to have lower virulence and are slower
growers than either type I C. stellatoidea or C. albicans [19].
C. stellatoidea produces germ tubes in vitro, a morphologic
characteristic seen only in C. albicans and some C. dubliniensis
strains [2].
Candida dubliniensis is a more recently identiﬁed
species of Candida. Identiﬁed initially from the oral cavity
of HIV-positive patients [20], C. dubliniensis has been
recovered from HIV-positive patients throughout the world
at rates ranging from 19% to 32% [20] and has also been
recovered from 3% to 14% of oral cavities of HIV-negative
individuals. This species rarely is associated with candidemia or invasive disease [21, 22]. C. dubliniensis is identiﬁed by germ tube and chlamydospore production, by an
inability to grow at 45 °C, and by using commercially available yeast identiﬁcation kits [23]. C. rugosa, although a
rare cause of candidemia, is important because of frequent
nystatin and azole-resistance and association with catheters
and parenteral nutrition; it is susceptible to amphotericin B
and echinocandins [24].
Less common non-albicans Candida species are listed
in Table 1, and their unique features and diseases are
described brieﬂy. Using the strength of molecular identiﬁcation, cryptic species have been identiﬁed within larger
species complexes, such as Candida orthopsilosis, Candida
metapsilosis, and Lodderomyces elongisporus in the
Candida parapsilosis complex [25] and Candida nivariensis
and Candida bracarensis in the Candida glabrata clade
[26, 27]. Similarly, Candida fermentati isolates make up a
small percentage of the clinical isolates of C. guillermondii
complex [28].

Pathogenesis
Biologic features that contribute to the ability of Candida to
cause disease were previously deﬁned phenotypically. Total
genome sequencing of C. albicans has allowed measurement
of the effects of gene knockouts on the virulence of Candida
in animal models. Genes required for virulence are regulated
in response to environmental signals indigenous to the host
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environment. These signals include temperature, pH, osmotic
pressure, and iron and calcium ion concentrations. Adaptation
to a changing environment facilitates the ability of Candida
to survive within the host niche.
Candida albicans undergoes reversible morphological
transition between budding, pseudohyphal, and hyphal
growth forms [29]. All forms are present in tissue specimens.
Yeast cells may be disseminated more effectively, whereas
hyphae are thought to promote invasion of epithelial and
endothelial tissue and help evade macrophage engulfment
[30]. Candida double mutants (chp1/chp1, efg1/efg1) that
are locked in the yeast form are avirulent in a mouse model
[31]. The ability to switch from one form to another appears
to have a direct inﬂuence on the organism’s capacity to cause
disease [32]. Drugs that inhibit yeast-hyphal transformation
without fungicidal activity have a role in suppressing clinical
disease. Multiple genes are recognized as playing a role
in morphogenesis, including TUP1 regulated genes [29].
Although the precise nature of the association between fungal morphogenesis and host disease invasion is controversial,
it is now accepted that it is the ability to undergo morphogenetic conversion rather than the morphological form itself
that is the primary determinant of pathogenicity [33, 34].
The ﬁrst step in a Candida infection is epithelial colonization, which is dependent upon microorganism adherence to
epithelial cells and proteins and allows the organism to withstand ﬂuid forces that serve to expel particulates [35]. Adhesive
ability of C. albicans has been correlated with virulence.
A hierarchy exists among Candida species, with more frequently isolated pathogenic species exhibiting greater adhesive capacity. Several genes and their products have been
identiﬁed to play a role in cell adhesion, including the adhesion like sequence (ALS) family of protein encoding cell-surface adhesion glycoproteins (x-agglutinins) and HWP-1,
which encodes a protein (Hwp1), an adhesin attaching to buccal epithelial cells [36]. Similarly, candidal adhesion to
endothelial cells lining blood vessels is a critical ﬁrst step in
migration of C. albicans cells from the circulation into
tissues [37].
Invasion of host cells by Candida involves penetration and
damage of the outer cell envelope. Transmigration is most
likely mediated by physical and/or enzymatic processes.
Phospholipids and proteins represent the major chemical constituents of the host cell membrane. Phospholipases, by cleaving phospholipids, induce cell lysis and thereby facilitate
tissue invasion [38]. Phospholipase activity is concentrated at
the hyphal growing tip and extracellular phospholipase is
considered necessary for the invasion of tissue. Three genes
have been cloned and encode candidal phospholipases. In
1969, Staib ﬁrst reported that proteolytic activity in C. albicans was related to strain pathogenicity [39]. A family of at
least nine genes makes up the secreted aspartyl proteinase
isoenzymes (SAP) [40]. SAP1 and SAP3 are regulated during

Recovered from skin and nails of normal host
Associated with nosocomial candidemia and invasive
candidiasis in burn patients, neutropenics, and catheterassociated infections
Utilized primarily in industry; a rare cause with only two
cases of invasive candidiasis
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Recovered from respiratory tract and rare cause of meningitis
Low virulence, associated with catheter-related infections and
S
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septic arthritis
S susceptible, R resistant, DD-S dose dependent susceptible, MIC minimum inhibitory concentration, AmB amphotericin B, 5-FC ﬂucytosine, Flz ﬂuconazole, Itz itraconazole, Clz clotrimazole,
Ktz ketoconazole, CAPD continuous ambulatory peritoneal dialysis
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C. utilis
Telomorph: Hansenula
jadinii, Pichia jadinii
C. viswanathii
C. zeylanoides

C. pelliculosa
Telomorph: Hansenula
anomola the sexual
state of Pichia
anomola
C. pulcherrima
C. rugosa

C. norvegensis

C. lipolytica

C. ciferii
C. famata
C. haemulonii
C. inconspicua

Characteristics/disease states

A natural contaminant of dairy products, especially camembert cheeses; causes cutaneous, and mucosal infection;
candidemia (one case report in a patient with gastric
carcinoma who frequently ate cheese)
Cutaneous, onychomycosis
Candidemia, endophthalmitis, peritonitis due to CAPD
Candidemia, cutaneous
Candidemia in neutropenics,oropharyngeal, esophageal, and
vaginal candidiasis in diabetics and HIV-positive patients
Low virulence, catheter-related candidemia, commonly
colonizes the stool, sputum, and mouth, although not
associated with mucosal infections
Recovered from the GI and respiratory tract, rarely causes
candidemia and peritonitis
The most frequent of the uncommon causes of invasive
candidiasis; cases of invasive candidiasis including:
candidemia, endocarditis, intraabdominal abscess,
pyelonephritis, cerebral ventriculitis

Candida species

C. catenulata

Table 1 Characteristics and disease states associated with the uncommon non-albicans Candida species
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phenotypic transformation. Several studies have conﬁrmed
the importance of secreted aspartyl proteinases in the pathogenesis of tissue invasion by C. albicans. SAP-gene knockout
experiments demonstrate attenuated virulence in both guinea
pig and murine models of disseminated candidiasis. The role
of C. albicans endothelial cell interaction in the pathogenesis
of systemic candidiasis was recently reviewed [40].
The ability of Candida species to overcome the suppressive effect of antifungal chemotherapy is considered a virulence attribute. Bioﬁlms are deﬁned as structured microbial
communities that are attached to a surface and encased in a
matrix of exopolymeric material. Candida species are frequently found in the normal microbiota of humans, usually
in a planktonic form in which they encounter most human
surfaces and implanted biomaterials. Candida colonization
and bioﬁlm formation play an important role in the pathogenesis of superﬁcial and invasive infections because of
increased resistance to antifungal therapy and the ability of
yeast cells within bioﬁlms to withstand host immune defenses
[41]. Devices, such as intravascular catheters, stents, shunts,
prostheses, implants, endotracheal tubes, and pacemakers,
support Candida colonization and bioﬁlm formation [42].

Epidemiology
The last four decades have witnessed a dramatic increase in
the incidence of candidemia and invasive candidiasis, originating in tertiary care centers and now observed in virtually
all type hospitals [3, 43, 44]. Candida species remain the
fourth leading cause of nosocomial blood stream infections
(BSI) in the United States accounting for 8–10% of all nosocomial BSI’s [45]. This translates into approximately 7,000–
28,000 episodes annually [7]. It is estimated that
approximately two-thirds of all Candida BSI are nosocomial
[7]; the total annual burden of candidemia in the USA is
approximately 10,500–42,000 infections [7, 46]. If one
includes all forms of invasive candidiasis, the national burden of invasive candidiasis is approximately 63,000 infections
per year [7]. A study estimated the attributable cost in 1997
US dollars of each case of candidemia at $34,000–$44,000,
with a national annual total attributable cost for nosocomial
candidemia of approximately $800 million in the USA [47].
Studies from 1996 to 2003 show remarkably consistent
incidence rates of 22–29 cases per 100,000 US population or
19–24 cases per 10,000 hospital discharges indicating that
the incidence has not decreased in the last decade. In contrast
using a different data base, Trick et al. studying nosocomial
ICU associated candidemia from 1989 to 1989 did demonstrate an absolute decline in frequency of BSI due to Candida
almost entirely due to an absolute decrease in C. albicans
BSI [48]. These discrepancies reﬂect two changes in epide-

J.A. Vazquez and J.D. Sobel

miology, the absolute and relative reduction in C. albicans
BSI as well as the shift from ICUs to the general hospital
setting. Hajjeh demonstrated that only 36% of Candida BSIs
occurred in the ICU, and 28% were community onset in
nature, an increase of almost 10% over a 5 year period [49].
A recent study based on BSI’s from 2006 to 2007 revealed
that Candida species continued to be the fourth most frequent isolates in healthcare associated infections [50]. In
addition to population-based surveillance of candidemia in
the USA, similarly designed studies have been performed
worldwide, and with the exception of Denmark, the incidence of candidemia in Europe and Canada was signiﬁcantly
lower than the USA. However, in every survey an increase in
incidence was documented over the course of the study [7].
Similarly an increase in incidence has been observed in
Brazil.
In every surveillance study, risk factors for candidemia
appear similar. Higher rates of candidemia occur in infants
less than 1 year of age and adults over the age of 65 [49]. In
addition, in US studies the incidence was at least fourfold
higher among blacks in every age group. Other risk factors
that emerged were cancer (71 per 100,000), diabetes (28 per
100,000), as well as the near universality of central venous
catheters among patients diagnosed with candidemia [7].
Epidemiologic data indicate that the overall incidence has
not decreased and candidemia remains a problem worldwide.
Within the hospital setting, not all departments report high
rates of candidemia. Patients in ICUs, especially surgical
units [51], trauma and burn units, and neonatal ICUs, have
the highest rates [52, 53]. Neutropenic patients, previously
the highest risk population, are no longer the most vulnerable
subpopulation, due to the widespread use of ﬂuconazole prophylaxis during neutropenia.
There has been a recent shift world-wide in the epidemiology of invasive candidiasis, with both a proportional and
absolute increase in infections caused by non-albicans
Candida species [7, 50, 54, 55]. The shift was ﬁrst evident in
ICUs. A recent national study in the USA reported the incidence of candidemia caused by non-albicans Candida species to be 54.4%, which is higher than the incidence of
candidemia caused by C. albicans, 45.6% [56]. While not all
tertiary care centers report this shift, most highly specialized
care centers have noted this trend [57]. On a worldwide basis,
C. albicans remains the most common species causing invasive disease, but the frequency of isolation is decreasing
[7, 48]. The increase has been noted mostly with C. glabrata,
C. tropicalis, and C. parapsilosis. In particular, several studies have documented a signiﬁcant trend towards an increase
in C. glabrata with increasing patient age and in cancer centers [7, 54, 55, 58, 59]. However, there are worldwide variations in the frequency of isolation of various Candida species,
and C. glabrata remains uncommon in Latin America [7]
and in several Western European countries. C. tropicalis and
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C. parapsilosis are the most common non-albicans Candida
species in Latin America.
Given the reduced azole sensitivity of C. glabrata and
several other species, there are profound therapeutic implications. Accordingly, multiple recent studies have been performed in an attempt to recognize risk factors for C. glabrata
and other non-albicans Candida species in order to avoid
inappropriate use of antifungal agents. Unfortunately in spite
of a plethora of studies, consistent data have not emerged.
Several authors have linked institutional or individual ﬂuconazole use in the selection of C. glabrata, especially in
cancer centers [54, 55, 57, 60]. Increased risk for C. glabrata
also includes recent major abdominal surgery and older
age [61].
Risk factors for Candida bloodstream infections include
systemic antibiotics, chemotherapy, corticosteroids, presence of intravascular catheters, total parenteral nutrition
(TPN), recent abdominal surgery, hospitalization in ICU,
malignancy, neutropenia, and prior fungal colonization [52,
53, 62–64]. In a prospective study conducted in six surgical
ICUs, multivariate analysis revealed increased risk with prior
abdominal surgery, relative risk (RR) of 7.3, acute renal failure (R.R. 4.2), TPN (R.R. 3.6), and use of a triple lumen
catheter (R.R. 5.4) as the major risk factors [64]. In contrast
to other studies, prior fungal colonization could not be demonstrated as a risk factor, whereas receipt of any systemic
antifungal drug was associated with reduced risk [64].
Candida parapsilosis is the most frequent cause of Candida
bloodstream infection in neonates. Neonatal candidemia represents 12% of the cases of candidemia [65].
The source of candidemia remains poorly understood in
spite of the aforementioned risk factors. In neutropenic individuals, gut colonization is likely responsible for most cases
of candidemia. The gut is also likely to be the source of candidemia following abdominal surgery and in patients without
intravascular central catheters. In contrast, in patients with
skin colonization and contaminated intravascular catheters,
the skin is thought to serve as the source. Other sources
include intraabdominal abscesses, peritonitis, and rarely, the
urinary tract and contaminated IV solutions. Candida species
can be recovered from the hospital environment, including
food, counter tops, air-conditioning vents, ﬂoors, respirators,
and from hands of medical personnel [66].
Molecular biology tools have improved our knowledge
and understanding of Candida epidemiology. Prospective
molecular epidemiological studies of Candida using longitudinal cultures have shown that individual patients tend to
harbor the same genotype of Candida over long periods of
time [67]. More than 60% of patients with candidemia have
positive cultures for the same Candida genotype as the genotype isolated from various anatomic sites prior to developing
fungemia [67]. DNA typing has also conﬁrmed acquisition
of nosocomial Candida species from environmental and

human sources. Candida species have been recovered from
25% to 50% of inanimate surfaces sampled [68], and in several studies, Candida was cultured from patients’ rooms
prior to patient acquisition of the same strain [69]. Surfaces
commonly harboring Candida spp. were those in contact
with hands of personnel or patients. Identical strains of
Candida have also been recovered from patient food prior to
patient acquisition [68, 70]. However, except in outbreak settings, the source of Candida species causing infection is usually from the host’s endogenous ﬂora.

Clinical Manifestations
Oropharyngeal Candidiasis
Hippocrates is credited with ﬁrst describing oral thrush in
debilitated individuals. Nineteenth-century authorities recognized that thrush invariably arose as a consequence of preexisting illness. The initial discovery of the organism causing
thrush was not made until 1839, when Langenbeck described
a fungus in buccal aphthae in a case of typhus [71], but it was
left to Berg in 1846 to establish a cause–effect relationship
between the fungus and oral lesions [72]. The taxonomic
confusion continued until 1933 when Berkhout proposed the
genus name Candida, separating this genus from the universal Monilia genus that affects fruit and vegetables [1].
Oropharyngeal candidiasis (OPC) is considered an opportunistic infection caused by a ubiquitous fungal organism
that is routinely seen as normal oral ﬂora. The transition from
commensal to invasive infection of the oral mucosa is caused
by local changes in the microﬂora or by an inefﬁcient host
response system which results in the overgrowth and invasion of Candida spp. The prevalence of OPC remains high
and continues to increase, because the population of compromised hosts continues to expand [73]. Underlying conditions
associated with a greater prevalence of OPC include prematurity, ill-ﬁtting dentures, xerostomia, radiation of the head
and neck, uncontrolled diabetes mellitus, hematologic and
solid organ malignancies, oral or inhaled corticosteroid use,
antimicrobial therapy, and HIV infection [74].
Persistent OPC in infants may be the ﬁrst manifestation of
childhood AIDS or chronic mucocutaneous candidiasis. One
group of investigators reported that 28% of cancer patients
not receiving antifungal prophylaxis developed OPC [75],
and another group observed OPC in 57% of immunocompromised patients [76]. Patients at greatest risk of developing
OPC include those receiving corticosteroids and with prolonged neutropenia who are colonized with a Candida species
[76]. Approximately 80–90% of patients with HIV-infection
will develop OPC [77]. In one study, 60% of untreated
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patients developed an AIDS-related infection or Kaposi’s
sarcoma within 2 years of the appearance of OPC [78].
Candida albicans remains the most common species
responsible for OPC, accounting for 80–90% of cases. The
ability of C. albicans to adhere to buccal epithelial cells is
critical in establishing oral colonization; C. albicans adheres
better to epithelial cells than non-albicans Candida species.
Pulsed-ﬁeld gel electrophoresis of Candida strains obtained
from HIV-positive patients with OPC compared with isolates
recovered from healthy individuals indicate an identical strain
distribution frequency, suggesting that HIV-associated candidiasis is not caused by unique or more virulent strains of
Candida, but from defects in host defenses [79]. Immune
defenses against Candida depend on appropriate host recognition, followed by activation of antifungal mechanisms in effector cells through pattern-recognition receptors on host cells.
This recognition induces intracellular signaling pathways that
modulate protective and inﬂammatory responses, such as
expression of costimulatory molecules, release of proinﬂammatory cytokines and modulation of acquired immunity [80].
Mercante et al. examined the impact of viral load and
CD4 cell count on the occurrence of OPC in 160 HIV-positive
patients [81], and they identiﬁed low HIV viral load (<10,000
copies/mL) as the most important co-variate associated with
absence of OPC. Other important variables associated
with OPC included age, antiretroviral therapy, and low CD4
cell counts, but only in subjects with HIV viral loads >10,000
copies/mL. In a study comparing current OPC epidemiology
from that noted in the pre-HAART era [82], similar epidemiologic ﬁndings were noted. Similar to the pre-HAART
era, they found a frequency of Candida colonization of
approximately 50% along with a similar species distribution
with C. albicans about 85%. As in prior studies, detectable
HIV RNA and CD4 count <200 cells/PL were signiﬁcantly
associated with Candida colonization of the oral cavity.
Profound differences exist between HIV-positive and negative patients with regard to natural history, diagnosis and
management of OPC [83] including an increase in non-albicans Candida species recovered from HIV-positive individuals [84]. HIV-positive patients experience recurrent episodes
of OPC and esophageal candidiasis as immunodeﬁciency
progresses; these patients may also receive multiple courses
of antifungal drugs contributing to antifungal resistance. In
these patients, antifungal agents are also less efﬁcacious and
take longer to achieve a clinical response. In a prospective
study evaluating tissue-associated immune dysfunction in
HIV-positive patients with OPC, patients with asymptomatic
Candida colonization of the oral mucosa and reduced CD4+
cell counts had higher numbers of CD8+ cells throughout the
tissue and had normal E-cadherin expression [85]. In contrast, in patients with active OPC, the CD8+ cells tended to
accumulate around the epithelial-lamina propria junction
with reduced E-cadherin expression. After the resolution of
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the OPC, the CD8+ cells returned and the E-cadherin
expression returned to normal.
Symptoms of oral thrush include a painful mouth, burning
tongue and dysphagia. Patients with severe objective intraoral
lesions may be asymptomatic. Signs include diffuse erythema with white patches that appear as discrete lesions on
the surfaces of the buccal mucosa, palate, oropharynx,
tongue, and gums. With some difﬁculty, the plaques can be
wiped off revealing a raw, erythematous and sometimes
bleeding base. Constitutional signs of infection are absent.
Oropharyngeal candidiasis can impair the quality of life by
reduction in ﬂuid or food intake. The most commonly identiﬁed form of OPC is termed acute pseudomembranous candidiasis. This form is seen frequently in HIV-positive persons
and presents with a whitish-yellow thick curd–like exudate
on mucosal surfaces (Fig. 1a). Plaques may be small and discrete or conﬂuent, involving the entire oral mucosa; they
consist of necrotic material and desquamated epithelial cells,
penetrated by hyphae and yeast cells [86].
Chronic atrophic stomatitis, or denture stomatitis, is the
second most common form of OPC. It is frequently asymptomatic, but may be associated with chronic soreness and
burning of the mouth. Diffuse erythema and edema of the
portion of the palate in contact with dentures is evident
(Fig. 1b). The lower denture is rarely involved. Chronic atrophic stomatitis was recorded in 24–60% of denture wearers
and is several-fold more frequent in women than in men [87].
Candida is detected by culture or microscopy in over 90% of
symptomatic subjects. Even in the absence of signs or symptoms, the prevalence of yeast is higher in denture wearers.
Maximum concentrations of yeast are found on the denture
ﬁtting surface. Candida species readily adhere to plastic
objects including orthodontic appliances.
Angular cheilitis, or perleche is characterized by soreness, erythema, and ﬁssuring at the corners of the mouth
(Fig. 1c). Cheilitis can accompany oral thrush or denture
stomatitis, or can appear in the absence of oral disease.
Vitamin deﬁciency and iron-deﬁciency anemia are also associated with cheilitis, with Candida as a secondary colonizer.
Chronic hyperplastic candidiasis or Candida leukoplakia
is a term used to describe discrete, transparent to whitish
raised lesions of variable sizes found on the inner surface of
the cheeks and less frequently on the tongue. These lesions
are found predominantly in men and are highly associated
with smoking. Most leukoplakia lesions are not related to
Candida infection and may be premalignant. Importantly,
there is no known association between Candida and either
dysplasia or malignancy. Biopsy of Candida-related leukoplakia lesions reveals parakeratosis and epithelial hyperplasia
with Candida invasion. Midline glossitis (median rhomboid
glossitis, acute atrophic stomatitis) manifests as symmetrical
lesions in the center dorsum of the tongue with erythema and
loss of papillae [88].
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Fig. 1 Oropharyngeal candidiasis demonstrating (a) pseudomembranous type, (b) atrophic erythematous type associated with denture use, and
(c) angular cheilitis

Candida species have also been incriminated in an oral
“burning mouth” syndrome, characterized by a raw or sore
tongue, especially following antibiotic administration. This
self-limiting entity, although common, has not been shown to
be due to primary or secondary Candida infection. Positive
smears or cultures for Candida can be expected in 20–50% of
asymptomatic patients, but these do not prove causality. The
etiology of this syndrome is probably multifactorial [79].
Physical signs of OPC are insufﬁcient to allow a reliable
diagnosis. Oral lesions resembling candidiasis can occur
with severe mucositis accompanying chemotherapy, and can
reﬂect tissue necrosis, viral, or bacterial infections. On the
other hand, OPC can complicate herpes simplex virus infec-

tions or leukoplakia. Diagnosis requires mycological conﬁrmation, achieved by 10% potassium hydroxide or normal
saline microscopic examination. Cultures are not essential
for diagnosis and do not distinguish colonization from
infection.

Esophageal Candidiasis
The prevalence of Candida esophagitis has increased
because of AIDS, as well as the increased number of transplant recipients, patients with cancer, and other severely
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immunocompromised patients. Candida are frequently
recovered from the esophageal surface and reach the esophagus in oral secretions. Little is known about host and yeast
factors operative in the pathogenesis of esophageal candidiasis (EC) and experimental models have not been established.
Predisposing factors include exposure to local irradiation,
recent cytotoxic chemotherapy, antibiotics, corticosteroids,
and neutropenia [79]. The high prevalence of EC in patients
with AIDS indicates the critical role of cell mediated immunity. Esophageal candidiasis in an HIV-positive patient may
be the ﬁrst manifestation of AIDS, typically occurring at CD4
counts <100 cells/PL [89].
EC presents with odynophagia, dysphagia, and retrosternal pain. Constitutional ﬁndings, such as fever and malaise,
occasionally occur. Rarely, epigastric pain is the dominant
symptom. Although EC may arise as an extension of OPC, in
some series, the esophagus was the only site involved in twothirds of patients. EC usually occurs in the distal 2/3 of the
esophagus. EC in patients with AIDS may be entirely asymptomatic, in spite of extensive esophageal involvement [90].
Esophagitis is classiﬁed on the basis of endoscopic appearance: Type I, a few white or beige plagues, up to 2 mm in
diameter; Type II, plaques are more numerous, larger than
2 mm in diameter; Type III, conﬂuent, linear and nodular
elevated plaques with hyperemia and frank ulceration (Fig. 2)
and Type IV, similar to Type III but with increased mucosal
friability and occasional narrowing of the lumen [91].
Uncommon complications of esophagitis include perforation, aortic-esophageal ﬁstula, and rarely, extensive necrosis
destroying the entire esophageal mucosa. In neutropenic
patients, bacteremia and candidemia may arise from EC.
Antifungal therapy is frequently initiated empirically in
high-risk patients. A reliable diagnosis of EC can only be

Fig. 2 Type III esophageal candidiasis with conﬂuent plaques
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made by histological evidence of tissue invasion in biopsy
material. The ﬁnding of Candida within an esophageal lesion
by smear or culture or in esophageal brushings does not
allow distinction between colonization and infection. Positive
esophageal brushings are highly sensitive but nonspeciﬁc in
the diagnosis of EC. A barium contrast swallow study may
reveal shaggy mucosal irregularities and nodular ﬁlling
defects, but this method of diagnosis has been replaced by
endoscopy, which not only provides a rapid and highly sensitive method of diagnosis, but is also the only reliable method
of differentiating among the various other causes of esophagitis [89]. The characteristic endoscopic appearance of EC is
described as yellow-white plaques on an erythematous background, with varying degrees of ulceration.
In patients with AIDS and Candida esophagitis, gastric
involvement is not uncommon and can be manifested by epigastric pain, nausea and vomiting. Most patients are asymptomatic [74, 83]. There is scant information about the need
for or efﬁcacy of antifungal therapy.

Cutaneous Candidiasis
Candida can invade any body surface and cause superﬁcial
infection of the skin, hair, and nails. Symptomatic mucocutaneous candidiasis will occur if dysfunction or local reduction
in host resistance promotes an overgrowth of indigenous
ﬂora and there is a breach in the anatomical barriers. Dry
intact skin is a potent barrier to fungal invasion, and hydration of the epidermis decreases resistance.
Candida albicans and C. tropicalis are the most common
causes of superﬁcial infections of the skin and the nails.
These organisms favor growth in warm, moist areas such as
the skin folds of obese individuals, between the ﬁngers and
toes, perineal areas, and genitocrural folds. Infections in
these areas occur with much greater frequency in HIVpositive and diabetic patients and are exacerbated by occlusion, moisture, epidermal barrier dysfunction, hormonal
manipulation, antibiotic use, and immunosuppression.
Generalized cutaneous candidiasis is a rare form of candidiasis that manifests as a diffuse eruption over the trunk
and extremities. Patients have a history of generalized pruritus, with increased severity in the genitocrural folds, anal
region, axillae, hands, and feet. Examination reveals a widespread rash that begins as individual vesicles that evolve into
large conﬂuent areas [92].
Intertrigo is the most common skin infection due to
Candida, affecting sites in which skin surfaces are in close
proximity providing a warm and moist environment. Infection
begins with a vesiculopustular pruritic rash that enlarges and
frequently progresses to maceration and erythema. The
involved area has a scalloped border with a white rim
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consisting of necrotic epidermis that surrounds the
erythematous macerated base. Satellite lesions are frequently
found and may coalesce and extend into larger lesions. Erosio
interdigitalis blastomycetica is a form of intertrigo that
occurs in the areas between the ﬁngers and toes and manifests as an erythematous painful rash. The affected skin
reveals a tender, erythematous area of erosion, that can
extend onto the sides of the digits and can be surrounded by
maceration [93]. Candida folliculitis is predominantly found
in the hair follicles and rarely becomes extensive; it should
be differentiated from more common bacterial folliculitis.
Candida paronychia and onychomycosis are seen typically in patients with prolonged immersion of extremities in
water and in patients with diabetes mellitus. Nail plate infection is generally not due to Candida species unless it is associated with congenital candidiasis or chronic mucocutaneous
candidiasis [94]. Candida paronychia tends to be chronic,
presenting as a painful erythematous area around and underneath the nail and nailfold. Physical examination reveals an
area of inﬂammation that is warm, glistening, tense, erythematous, and extends underneath the nail. Chronic manifestations of this infection include loss of seal of the proximal
nailfold, nail thickening, ridging, discoloration, and occasional nail loss.

Chronic Mucocutaneous Candidiasis
This syndrome involves multiple superﬁcial sites, primarily
the mouth, facial skin, hair and nails, which are simultaneously infected with Candida over a prolonged period of time.
Chronic mucocutaneous candidiasis (CMC) is not a single
disease entity, and is a consequence of multiple defects in
host defenses against Candida. The ﬁnal outcome is a
chronic, superﬁcial Candida infection at sites where Candida
normally resides as a commensal organism [95]. Chronic
mucocutaneous candidiasis is a rare entity; links between
increased incidence of CMC and families of Iranian, Jewish
or Finnish descent are described [96, 97]. Most CMC infections begin in infancy or the ﬁrst two decades of life; onset
after 30 years of age is rare. Chronic and recurrent infections
frequently result in a disﬁguring form of CMC called
Candida granuloma. Most patients with CMC rarely experience visceral or disseminated fungal infections. The most
common cause of death is bacterial sepsis.
A wide spectrum of CMC clinical syndromes have been
described, based on inheritance as well as clinical factors
[95, 98]. Group 1 is chronic oral candidiasis associated with
HIV, inhaled steroids and denture-stomatitis. Group 2
comprises CMC associated with endocrinopathy (autosomal
recessive) and has also been called “Candida endocrinopathy
syndrome” or “autoimmune polyendocrinopathy candidiasis
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syndrome.” It is now known to be due to mutations in the
autoimmune regulator (AIRE) gene. Group 3 is localized
CMC that is characterized by hyperkeratosis and cutaneous
horn formation that affects both hands. This group is not
associated with endocrine dysfunction. Group 4 is diffuse
CMC, and includes patients who have widespread and severe
infections and in whom familial factors are unknown or
obscure. Group 5 includes CMC associated with thymoma,
and usually manifests during the third decade of life. In
addition, Group 5 CMC is also associated with myasthenia
gravis, hypogammaglobulinemia, red cell aplasia, aplastic
anemia, and neutropenia. Group 6 is CMC associated with
interstitial keratitis [99]. Group 7 is CMC associated with
keratitis, icthyosis, and deafness (KID syndrome).
A variety of Candida antigen-speciﬁc defects have been
described in CMC patients. The commonest abnormality is a
negative delayed-type skin test reaction to Candida antigen
and is evident in 80% of patients tested (controls 16–37%),
regardless of the clinical type of CMC. Approximately 70% of
patients tested showed defective in vitro lymphocyte blastogenesis in response to Candida antigen [100]. A subpopulation
of T-suppressor cells that respond to Candida mannoproteins
by inhibiting T-helper cell function has been described [101].
These investigators reported a serum inhibitory factor in CMC
patients that suppressed T-cell function. The majority of
patients with CMC have normal or high serum antibodies to
Candida and no consistent B-cell dysfunction has been
reported. T-cell dysfunction is often reversible, with improvement in immunological parameters following clinical remission achieved by antimycotic therapy.
Chronic mucocutaneous candidiasis is frequently associated with endocrinopathies such as hypoparathyroidism
(80%), hypoadrenalism (72%), ovarian failure (60%), growth
hormone deﬁciency, gonad insufﬁciency (15%), diabetes
mellitus (12%), and chronic lymphocytic thyroiditis with
hypothyroidism (5%) [98]. Autoimmune antibodies may be
found to adrenal, thyroid, and gastric tissues, and melaninproducing cells (vitiligo). Other features include thymomas
and dental dysplasias, polyglandular autoimmune diseases,
and antibodies. The onset of CMC is usually within the ﬁrst
year of life in nonendocrinopathy cases and within the
ﬁrst decade when associated with endocrinopathies.
Approximately 90% of all cases of CMC have their onset
before the age of 20 years, and about 33% of cases are associated with endocrinopathies.
The earliest lesion to appear is chronic pseudomembranous oral candidiasis. Angular cheilitis and lip ﬁssures can
develop and infection can spread to involve the esophagus
and larynx. In postmenarchal females, Candida vaginitis
supervenes, but is not a common feature. These superﬁcial
infections tend to be severe, chronic and recurrent in nature.
Persistent onychia and paronychia are nearly as common as
oral lesions. Lesions of the ﬁngers vary from discoloration
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and dystrophy of the nails to crusting and hyperkeratotic
horns (Fig.3a). Skin lesions, when present, are found mainly
on the face, neck, ears, and shoulders, and less often involve
the scalp and groin. In severe forms of CMC, there are hyperkeratotic crusts or Candida granuloma producing severe disﬁgurement (Fig. 3b). The latter ﬁndings are invariably found
in the idiopathic, infant or juvenile-onset cases and rarely in
association with endocrinopathy or mature-onset cases. A
striking feature of CMC is the lack of invasive candidiasis.
Other associated disorders include autoimmune hepatitis,
iron deﬁciency and malabsorption syndromes, aplastic anemia, hemolytic anemia, pernicious anemia, neutropenia,
thrombocytopenia, thymomas, oropharyngeal tumors, and
ectodermal abnormalities, such as alopecia and dental dysplasias. Patients with CMC are also prone to superinfections
caused by herpes simplex, herpes zoster, bacteremias, disseminated Mycobacterium avium infections, dermatophytosis, and occasionally invasive fungal infections.
The evaluation of persons suspected of having any form
of CMC should include a complete blood count with
differential, lymphocyte phenotyping, T-lymphocyte response
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to Candida and tetanus, skin testing with Candida, tetanus,
and mumps antigens, lymphokine production by antigen or
mitogen-stimulated cells, T and B lymphocyte counts, and
serum immunoglobulins. In adults, HIV antibody testing and
a chest CT scan to rule out a thymoma should be done [95].

Vulvovaginal Candidiasis
In the USA, Candida vaginitis is the second most common
vaginal infection. During the childbearing years, 75% of
women experience at least one episode of vulvovaginal candidiasis (VVC), and 40–50% of these women experience a
second attack [102]. Candida is isolated from the genital
tract of approximately 10–20% of asymptomatic, healthy
women of childbearing age. Candida organisms gain access
to the vagina from the adjacent perianal area and then adhere
to vaginal epithelial cells. Candida albicans adheres to vaginal epithelial cells in signiﬁcantly greater numbers than nonalbicans Candida species [103].

Fig. 3 Chronic mucocutaneous candidiasis showing crusted hyperkeratotic lesions on (a) hands and (b) trunk and scalp
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Several factors, including pregnancy, oral contraceptives
with a high estrogen content, and uncontrolled diabetes
mellitus, are associated with increased rates of asymptomatic
vaginal colonization with Candida as well as Candida vaginitis (Fig. 4). The hormonal dependence of VVC is illustrated by the fact that Candida is seldom isolated from
premenarchial girls, and the prevalence of Candida vaginitis
is lower after the menopause, except in women taking hormone replacement therapy. Other predisposing factors
include corticosteroids, antimicrobial therapy, intrauterine
devices, and high frequency of coitus.
Germination of Candida enhances colonization and tissue
invasion. Factors that enhance or facilitate germination, such
as estrogen therapy and pregnancy, tend to precipitate symptomatic vaginitis, whereas epithelial cell innate immunity
that inhibits germination prevents acute vaginitis in women
who are asymptomatic carriers of Candida. A precipitating
factor that explains the transformation from asymptomatic
carriage to symptomatic vaginitis is identiﬁed in only a few
patients (Fig. 4).
During pregnancy, the incidence of clinical episodes often
reaches a maximum in the third trimester, but symptomatic
recurrences are common throughout pregnancy. The high
levels of reproductive hormones are thought to increase the
glycogen content of the vaginal environment and provide a
carbon source for Candida growth and germination.
Estrogens enhance vaginal epithelial cell avidity for Candida
adherence, and a yeast cytosol receptor or binding system for
female reproductive hormones has been documented. In
addition, estrogens enhance yeast-mycelial transformation.
Low-estrogen oral contraceptives may also cause an increase
in Candida vaginitis. Hormone replacement therapy may
contribute to vaginitis in postmenopausal women. Vaginal
colonization with Candida is more common in diabetic
patients, and poorly controlled diabetes predisposes to
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Fig. 4 Pathogenesis of recurrent vulvovaginal candidiasis

symptomatic vaginitis. Glucose tolerance tests have been
recommended for women with recurrent vulvovaginal
candidiasis (RVVC); however, the yield is low and testing is
not justiﬁed in otherwise healthy premenopausal women.
Diets high in reﬁned sugar may precipitate symptomatic
Candida vaginitis.
Symptomatic VVC is often observed during or after use
of systemic or intravaginal antibiotics. Although no antimicrobial agent is free of this complication, the broad-spectrum
antibiotics are mainly responsible. They may act by eliminating the normal protective vaginal bacterial ﬂora.
Lactobacillus spp. provide a colonization-resistance mechanism and prevent germination of Candida. However, most
women taking antibiotics do not develop Candida vaginitis
and vaginal depletion of Lactobacillus spp. is not associated
with increased risk of VVC. Environmental factors that predispose to Candida vaginitis may include tight, poorly ventilated clothing and nylon underclothing, which increase
perineal moisture and temperature. Chemical contact, local
allergy and hypersensitivity reactions may also predispose to
symptomatic vaginitis. Iron deﬁciency is said to predispose
to Candida infection, but there is no evidence to support this
view. In patients who are debilitated or immunosuppressed,
oral and vaginal candidiasis correlates well with reduced
cell-mediated immunity, as evident in CMC and AIDS.
Based on these observations, T-lymphocytes may contribute
to normal effective innate vaginal defense mechanisms preventing mucosal invasion by Candida.
Several theories have been proposed to explain RVVC
[104]. The intestinal reservoir theory is based on recovery of
Candida on rectal culture in almost 100% of women with
vulvovaginal candidiasis. DNA typing of vaginal and rectal
cultures obtained simultaneously usually reveals identical
strains. However, other studies have shown a lower concordance between rectal and vaginal cultures in patients with
RVVC. In a maintenance study of women with RVVC who
were receiving ketoconazole, recurrence of Candida vaginitis often occurred with no evidence of Candida in the rectum. Also, oral nystatin, which reduces intestinal yeast
carriage, fails to prevent RVVC. Repeated reintroduction of
yeast into the vagina from the gut is therefore no longer considered a likely cause of recurrent Candida vaginitis.
The sexual transmission theory is based on the occurrence
of penile colonization with Candida organisms, which are
present in approximately 20% of male partners of women
with RVVC, and the observation that infected partners often
carry identical Candida strains. Oral colonization of partners
with an identical strain of Candida also occurs, and may be a
source of orogenital transmission. However, in most studies
involving treatment of partners, there was no reduction in the
frequency of episodes of vaginitis.
The vaginal relapse theory to explain RVVC is currently
favored. Although antifungal therapy may reduce the number
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of Candida and alleviate signs and symptoms of
inﬂammation, the eradication of Candida from the vagina is
incomplete because most agents are fungistatic. The small
number of organisms that persist in the vagina result in continued carriage of the organism; when host environmental
conditions permit, the colonizing organisms increase in number and undergo mycelial transformation, resulting in a new
clinical episode. Drug resistance is seldom responsible for
RVVC in women infected with C. albicans. Current vaginal
relapse theories regarding the pathogenesis of RVVC include
qualitative and quantitative deﬁciency in the normal protective vaginal bacterial ﬂora (unproven), and an acquired, often
transient, antigen-speciﬁc deﬁciency in local T lymphocyte
function that permits unchecked yeast proliferation and germination. Reduced T lymphocyte reactivity to Candida antigen may result from the elaboration of prostaglandin E2 by
the patient’s macrophages which blocks Candida antigeninduced lymphocyte proliferation, possibly by inhibiting
interleukin-2 production. Abnormal macrophage function
could be the result of histamine produced as a consequence
of local IgE Candida antibodies or a serum factor [105].
Recent evidence of genetic factors that inﬂuence epithelial
cell susceptibility to colonization (dectin 1 and mannosebinding lectin) are likely critical to pathogenesis of RVVC.
Vulvar pruritus is the most common symptom of VVC.
Vaginal discharge is often minimal and sometimes absent.
Although described as being typically “cottage cheese-like”
in character (Fig. 5), the discharge may vary from watery to
homogeneously thick. Vaginal soreness, irritation, vulvar
burning, dyspareunia, and external dysuria are other common symptoms. If there is an odor, it is minimal and not
offensive. Characteristically, the symptoms are exacerbated
during the week before the onset of menses. The onset of
menstrual ﬂow brings some relief. Examination reveals erythema and swelling of the labia and vulva, often with discrete pustulopapular peripheral lesions. The cervix is normal

Fig. 5 Vulvovaginal candidiasis showing typical cottage cheese appearance of white clumpy vaginal discharge
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and the vaginal mucosa is erythematous with adherent
whitish discharge.
In most symptomatic patients with VVC, diagnosis is
readily made on the basis of microscopic examination of
vaginal secretions. A wet mount with saline has a sensitivity
of only 40–60%. A preparation of 10% potassium hydroxide
(KOH) is more sensitive (50–70%) in identifying the presence
of yeast cells. Patients with Candida vaginitis have a normal
vaginal pH, 4.0–4.5. A pH > 4.5 suggests the possibility of
bacterial vaginosis, trichomoniasis, or mixed infection.
Routine cultures are unnecessary, but vaginal culture should
be performed in suspicious cases with negative microscopy.
Although vaginal culture is the most sensitive method available for detecting Candida, a positive culture does not necessarily indicate that Candida is responsible for the vaginal
symptoms. There is no reliable serological technique for the
diagnosis of symptomatic VVC. Commercial tests, including
latex agglutination slide tests, are less sensitive than culture
and have no advantages over microscopy. Although PCR
based diagnosis is now available, its utility is unknown
except in excluding the diagnosis of VVC.

Candidemia and Disseminated Candidiasis
Candidemia or systemic candidiasis has been divided into
four syndromes, namely, catheter-related candidiasis,
acute disseminated candidiasis, chronic disseminated
candidiasis (hepatosplenic candidiasis), and deep organ candidiasis [106]. Although hematogenous involvement occurs
at some stage in the evolution of each, only the ﬁrst two syndromes are associated strongly with documented candidemia.
Hence use of the term candidemia only as a marker of invasive candidiasis results in the underestimation of the true
incidence of invasive candidiasis [106].
Clinical aspects of candidemia are extremely variable.
Patients present with fever alone without organ-speciﬁc
manifestations, or a wide spectrum of symptoms and signs,
including fulminant sepsis. Acute candidemia is indistinguishable from bacterial sepsis and septic shock. Clinical
manifestations of fungemia are frequently superimposed on
those of the underlying illnesses and concomitant bacterial
infections, including bacteremia, are not uncommon. There
are no speciﬁc clinical features of candidemia associated
with individual Candida species.
At the time of documented candidemia, manifestations of
invasive metastatic candidiasis may be present. However,
frequently when the latter are evident, blood cultures are no
longer positive. Hence, candidemia is a marker, although an
insensitive one, of deeply invasive candidiasis [107]. Only
50% of patients with disseminated candidiasis have positive
blood cultures [108], and antemortem diagnosis is relatively
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Fig. 6 Papulopustular skin lesions seen in a patient with candidemia

infrequent in the absence of candidemia (15–40%). The
likelihood of systemic invasion has been correlated with
increasing numbers of positive blood cultures [109] although
not all patients with candidemia have the same risk of dissemination. Patients with neutropenia have a signiﬁcantly
higher rate of visceral and cutaneous dissemination [110].
Dissemination to multiple organs often involves skin, kidney,
eye, brain, myocardium, liver, spleen, and bone (Fig. 6).
The possibility of asymptomatic disseminated infection
drives the treatment principles of candidemia, even when
candidemia is transient. Transient candidemia can occur
from any source, but frequently it follows intravascular
catheter infection with prompt resolution following catheter removal. In most prospective studies of nosocomial
candidemia, approximately half the patients will have
cleared candidemia within 72 h without receiving systemic
fungal therapy. However, they could have seeded into an
organ without symptoms appearing until later. Prolonged
candidemia, especially when blood cultures remain persistently positive on appropriate antifungal therapy, suggests
a persistent focus or source, such as an intravascular catheter, an abscess, or suppurative thrombophlebitis, endocarditis, severe neutropenia, and rarely, antifungal
resistance, especially with some non-albicans Candida
species [7, 111]. At the time of diagnosis of candidemia,
physical examination rarely reveals clinical signs of
dissemination. However, a thorough examination, including a dilated funduscopic examination, may reveal metastatic infection and is mandatory.

Occasionally, blood cultures obtained via a central
catheter may represent contamination, hence the importance
of obtaining multiple blood cultures, especially cultures from
peripheral vein sites. Nevertheless, febrile patients with a
single positive blood culture for Candida species should
always be considered to have a proven infection. In reviewing
155 episodes of catheter-related candidiasis, investigators
observed a similar frequency of autopsy-proven candidiasis
whether blood cultures were obtained from a central catheter
or a peripheral site [109]. Improving blood culture yield can
also be enhanced by increasing blood volume and utilizing
newer techniques and media [112]. Given the insensitivity of
blood cultures, together with the lack of test for the diagnosis
of invasive candidiasis, detection of hematogenous dissemination remains poor.
The crude mortality rates reported in patients with candidemia generally range from 40% to 60% [113–115] with an
attributable mortality of 30–40%, exceeding that of most
bacteremias [56]. Since 1989, a 50% reduction in national
mortality rates for invasive candidiasis has been reported,
following a steady increase in mortality in the previous
decades reaching 0.62 deaths/100,000 population [116]. A
similar decline in rates of death from systemic candidiasis
associated with HIV infection occurred (0.04/100,000). The
explanation for decreased mortality in both HIV positive and
negative patients in spite of increased Candida invasive disease may be related to increased awareness, earlier diagnosis, and an enhanced therapeutic armamentarium. If the crude
mortality rate of Candida BSI is 40%, than 2,800–11,200
deaths each year may be associated with nosocomial candidemia [3]. Infections due to C. parapsilosis tend to be associated with reduced lethality (23%), and the highest mortality
has been reported for C. tropicalis and C. krusei [56], especially in neutropenic patients. Candidemia in neutropenic
patients is a life-threatening infection that is associated with
acute disseminated candidiasis, a sepsis-like syndrome, multiorgan failure, and death.

Candida Eye Infections
Candida organisms gain access to the eye by one of two
routes, either direct inoculation during eye surgery or trauma
(exogenous), or as the result of hematogenous spread (endogenous) [117, 118]. Any eye structure can be involved, and
involvement can be unilateral or bilateral. Endophthalmitis
refers to infection of the posterior compartment and can
be manifest as chorioretinitis with or without vitritis.
Endogenous endophthalmitis occurs in patients with nosocomial candidemia, including neonates, and intravenous drug
users [119, 120] Candida endophthalmitis should raise the
suspicion of concomitant widely disseminated candidiasis.
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Estimates of the incidence of eye involvement during
candidemia have been as high as 28–37% [121], but recently
the incidence appears to be decreasing, perhaps related to the
almost uniform treatment of all patients with candidemia. In
one prospective study of 50 patients with fungemia, the incidence of ocular candidiasis was 26%, all manifested as chorioretinitis [122]. Several of the patients with an initially
negative eye examination developed signs of ocular candidiasis 1–2 weeks later. Not all patients with endophthalmitis
have a history of recent candidemia. Candida albicans is the
commonest species responsible for ocular involvement, but
other Candida species have been incriminated [123]. In
experimental animal models, a tropism of C. albicans for
chorioretinal blood vessels has been demonstrated.
Symptoms of chorioretinitis are variable and often absent
in patients too ill to complain. Symptoms include visual blurring, ﬂoaters, scotomata and blindness. Fundoscopic examination usually reveals white, cotton ball-like lesions situated
in the chorioretinal layer which may rapidly progress to
extend into the posterior vitreous (Fig. 7). Indirect ophthalmoscopy with pupillary dilation is necessary to achieve complete visualization. Ocular lesions require the presence of
leukocytes for development; presence of neutropenia inhibits
the formation of ocular lesions in experimental rabbit models
[124]. All patients with candidemia should have at least one
dilated retinal examination early in the course of therapy,
preferably performed by an ophthalmologist [106]. This recommendation is particularly important in patients unable to
communicate or recognize visual disturbances.
Diagnosis of Candida endophthalmitis is usually made on
the basis of clinical context and characteristic fundoscopic
picture. Aspiration of the anterior chamber is rarely diagnostic
whereas vitrectomy, often performed for therapeutic

Fig. 7 Candida chorioretinitis with vitritis; note white cotton-like
lesions extending into the vitreous body
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purposes, usually yields positive culture for Candida [125].
A diagnostic vitreal aspirate is recommended for patients
with endophthalmitis of unknown origin [106]. For candidemic patients with an initially normal fundoscopic examination, some experts recommend a second examination after
2 weeks.

Candida Cardiac and Endovascular
Infections
Candida myocarditis is the result of hematogenous dissemination with development of one or more abscesses within the
myocardium. Most frequently, abscesses are microabscesses
usually diagnosed at autopsy. One group reported 62% of 50
patients with disseminated candidiasis had myocardial
involvement at autopsy and other retrospective autopsy studies reported myocardial abscesses in 8–93% [126].
Candida spp. reach the pericardium from adjacent endocarditis or myocarditis but most frequently pericardial
involvement is the result of hematogenous seeding or direct
inoculation at the time of cardiac surgery [127]. Pericarditis
is purulent in nature, resembles bacterial infection, and may
be complicated by constrictive disease. Successful therapy
requires pericardiectomy in addition to antifungal drugs.
Medical therapy alone is associated with an extremely poor
prognosis [128].
The advent of prosthetic cardiac valve surgery in the late
1960s together with the worldwide increase in intravenous
drug use, especially heroin use, resulted in a dramatic
increase in the incidence of Candida endocarditis [129]. In a
large retrospective review of fungal endocarditis from 1965
to 1995, fungal endocarditis was responsible for fewer than
10% of all cases of infective endocarditis [130]. This review
documented the changing epidemiology of fungal endocarditis. Although C. albicans was previously responsible for
66% of fungal endocarditis cases, the frequency of fungal
endocarditis due to C. albicans now accounts for less than
half the cases, and infection due to non-albicans Candida is
as common as that due to C. albicans [130]. The increase in
non-albicans Candida endocarditis reﬂects the changing epidemiology of nosocomial candidemia, although it would
appear that C. parapsilosis has a unique tropism for prosthetic endovascular surfaces.
The pathogenesis of Candida endocarditis is complex,
and several risk factors have been conﬁrmed [130]. Candida
organisms rarely adhere to and colonize normal valvular
endothelium. Predisposing factors include: (1) underlying
valvular disease; (2) prosthetic cardiac valves, including
homografts, which provide an abnormal surface once coated
with platelets and ﬁbronectin for Candida adherence;
(3) prolonged presence of intravascular catheters, resulting
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in persistent high inoculum candidemia; (4) heroin addiction,
still responsible for sporadic cases and occasional outbreaks
of Candida endocarditis [129]; (5) other risk factors such as
cancer chemotherapy, pre-existing bacterial endocarditis,
immunocompromised hosts and temporally related noncardiac surgery, especially abdominal surgery [130]; and (6)
low birth weight neonates. Candida endocarditis is rare in
the setting of granulocytopenia [131]. Possible explanations
include the short duration of undiagnosed candidemia
together with universal aggressive therapy; however, it is
also that the accompanying thrombocytopenia may prevent
vegetation formation.
Prosthetic valve endocarditis (PVE) has been the most
common form of Candida endocarditis. However, Ellis and
colleagues in their review concluded that cardiac valve surgery showed the largest decrease in incidence as a risk factor.
Most episodes of Candida PVE occur within 2 months of
valve surgery although endocarditis also occurs much later
[132]. Speciﬁc risk factors for PVE include complicated surgery, perioperative antibiotics, prolonged postoperative use
of catheters, and candidemia even if transient. Damaged
endocardium, especially suture line and prosthetic material,
serve as foci for Candida adherence. Rarely, contamination
of homografts and heterografts occurs before insertion.
Pacemaker endocarditis due to Candida has also been
described [133].
Clinical ﬁndings and complications of Candida endocarditis are similar to those seen with bacterial endocarditis with
the exception of increased frequency of large emboli to major
vessels in Candida endocarditis. Aortic and mitral valve
involvement are most common. The classical ﬁndings of bacterial endocarditis, including Osler nodes, Janeway lesions,
splinter hemorrhages, splenomegaly, hematuria and embolic
manifestations have been reported, but some studies have
found a reduced incidence of cardiac failure, changing heart
murmurs, and splenomegaly [130]. Rarely, polymicrobial
Candida endocarditis occurs and may follow or accompany
bacterial endocarditis. A patient with Candida PVE may
relapse several years following a putative cure with medical
therapy; hence long-term follow-up is necessary [134].
Most patients with Candida endocarditis have positive
blood cultures. The diagnosis of Candida endocarditis is
often delayed because blood cultures can be negative. Fungal
endocarditis has been noted to be characterized by a long
duration of symptoms before hospitalization [130]. Improved
diagnosis of Candida endocarditis has followed greater
awareness of the signiﬁcance of candidemia, newer blood
culture techniques, and more frequent use of echocardiography. Accordingly, increased preoperative diagnosis has been
noted in the last decade [130]. Transthoracic and especially
transesophogeal echocardiography have made an enormous
contribution to facilitating diagnosis and avoiding the usual
delay in diagnosis. Visualizing large vegetations in patients

with negative blood cultures is strong circumstantial evidence
of Candida endocarditis. Mycological examination should
be performed on all surgically removed emboli.
Mortality of Candida endocarditis remains high. Prior to
the availability of cardiac surgery, mortality was in excess of
90%. With combined treatment employing surgery and
aggressive antifungal therapy, mortality rates <40% can be
anticipated.
Noncardiac endovascular Candida infections involving
large and medium sized arteries and veins have increased
with the increased incidence of nosocomial candidemia [135,
136]. Phlebitis is common and often is associated with tunneled subcutaneous catheters. Delay in treatment can result
in extensive vascular thrombosis and suppuration and persistent candidemia in spite of treatment with high doses of fungicidal agents. Venous thrombi, even after removal of
responsible catheters, impair drug penetration and allow
microabscesses to persist within the thrombi with resultant
persistent candidemia [137]. For cure, surgical excision of
thrombi is often required in addition to prolonged antifungal
therapy. Complications include superior vena cava obstruction, tricuspid valve endocarditis, right-sided mural endocarditis, and pulmonary vein thrombosis. Small peripheral
vein thrombophlebitis is not uncommon.
Arterial involvement may occur as a result of candidemia
seeding prosthetic aortic valves and other large arterial grafts
[138]. Uncontrolled diabetes in high-risk patients further
facilitates the development of true mycotic aneurysms localized and originating at the graft suture line. In addition to
pain, fever, and signs of systemic infection, the mycotic
aneurysm may rupture resulting in catastrophic hemorrhage
or in large vessel occlusion. Candida mycotic aneurysms
have been reported in the cerebral circulation, pulmonary
arteries following use of Swan-Ganz catheters, iliac vessels
of intravenous drug users, and dialysis ﬁstulae.

Chronic Disseminated Candidiasis
Chronic disseminated candidiasis, also termed hepatosplenic
candidiasis, develops as a complication of invasive candidiasis during granulocytopenia [139, 140]. Candidemia, the
cornerstone of this syndrome, frequently follows Candida
colonization of the gut, complicated by gastrointestinal
mucosa disruption and lamina propria invasion by Candida.
Many of the patients with chronic disseminated candidiasis
have no history of documented candidemia. Following recovery from neutropenia, the Candida lesions established during
neutropenia do not resolve, but become more prominent,
especially in the liver, spleen, and kidneys. At the time of
diagnosis, both acute and chronic inﬂammatory cells are
found to surround the outer border of Candida pseudohyphae
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and an expanding zone of tissue necrosis between the
inﬂammatory inﬁltrate and fungal cells. Occasionally calciﬁcation occurs at the center of lesions with nonviable fungal
elements. This syndrome is now seen less frequently because
of the widespread use of antifungal prophylaxis and early
initiation of empirical antifungal therapy for fever in high
risk neutropenic patients.
Patients usually have a history of a hematologic malignancy, especially acute leukemia, cytotoxic chemotherapy,
and neutropenia for which they were febrile and received
antibacterial therapy. After recovery from neutropenia, fever,
nausea, vomiting, and right upper quadrant pain occur
increase as neutrophils inﬁltrate foci of Candida invasion in
liver and spleen. Laboratory ﬁndings often include elevation
in serum alkaline phosphatase and leukocytosis. Hepatic
transaminases are not commonly elevated.
Lesions of chronic disseminated candidiasis can be
detected by computed tomography (CT), ultrasonography
(US) and magnetic resonance imaging (MRI) (Fig. 8). The
characteristic “bulls-eye” lesions are not detectable until
neutrophil recovery, and they are not specific for this
syndrome. As the lesions resolve during therapy, they may
either disappear completely or undergo calciﬁcation.
Ultrasonography appears to be less sensitive but possibly
more speciﬁc than CT scanning in demonstrating characteristic target lesions [139, 141]. Diagnosis is conﬁrmed by histopathological examination of hepatic tissue obtained by
percutaneous or laparoscopic biopsy. Among Candida species, C. albicans is most common, and C. tropicalis is next
most common. This syndrome can be caused by other
Candida spp. as well as non-Candida fungi, such as
Trichosporon spp., Fusarium spp. and Aspergillus spp.
Metastatic tumors also can simulate the appearance of
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chronic disseminated candidiasis. Culture of hepatic tissue
obtained at biopsy is usually negative, particularly if antifungal therapy has been given.

Neonatal Candidiasis
Neonatal candidiasis differs from invasive disease in older
patients. Neonates present with subtle symptoms. Two distinct Candida syndromes are seen in neonates, and especially
in preterm, low birth–weight neonates. The most serious of
these syndromes is neonatal systemic candidiasis. Developing
either via ascending infection of the uterine contents prior to
birth or from colonization acquired during passage through
the birth canal, hematogenous dissemination of Candida
presents in the ﬁrst days or weeks of life with symptoms
identical to those of neonatal bacterial sepsis [142, 143].
Involvement of the lung, skin, and particularly the central
nervous system (CNS) is common. CNS involvement in the
neonate usually manifests as meningoencephalitis and should
be assumed to be present in any neonate with candidemia
because of the high incidence of this complication. Neurologic
defects are common in survivors.
By contrast, neonates with congenital cutaneous candidiasis present within a few hours of birth with a diffuse maculopapular, erythematous rash involving almost any part of
the skin [144, 145]. The initial rash can evolve to pustular or
vesicular lesions with subsequent desquamation. Culture and
microscopic examination of scrapings of the skin reveal
Candida species, usually C. albicans. If the affected neonate
is preterm (1,500 g), systemic involvement is frequent and
the neonate should be evaluated repeatedly with blood, urine
and cerebrospinal ﬂuid (CSF) cultures in order to rule out
neonatal systemic candidiasis [142]. In full-term neonates,
infection is usually limited to the skin and gastrointestinal
tract [146].

Candida Central Nervous System Infections

Fig. 8 CT scan of a patient with acute leukemia who had chronic
disseminated candidiasis (hepatosplenic candidiasis). Note multiple
punched out lesions throughout the liver

Candida is the most prevalent cerebral mycosis at postmortem
examination and was found in 48% of autopsied subjects with
invasive candidiasis [147]. In the same study, less than 25% of
the subjects had the diagnosis of CNS involvement made antemortem.Diagnosis is often difﬁcult and frequently delayed in
all age groups but especially in preterm low birth weight
neonates, resulting in considerable morbidity and mortality.
Recently Petraitiene et al. reported the successful use of beta-dglucan detection in the CSF of rabbits with experimental
hematogenous Candida meningoencephalitis [148].
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Central nervous system candidiasis involves both brain tissue and/or meninges, and, except for occasional association
with neurosurgery and head trauma, is invariably the result of
hematogenous dissemination [149–151]. In one autopsy
study, a correlation between cardiac and cerebral involvement
was noted with 80% of patients with myocardial or valve
infection also having CNS candidiasis [147]. Cerebral parenchymal infection occurs as a single or multiple micro- or
macroabscesses scattered throughout the brain [152]. Rarely,
larger abscesses are visualized on CT scan. Other presentations include thrombosis, vasculitis, hemorrhage, fungus balls
of both white and gray matter, and mycotic aneurysms.
Candida parapsilosis has a predilection for cerebral vascular
involvement [147]. Candida brain abscess presents with a
variable picture, including fever, altered mental status (obtundation or coma), and/or focal manifestations depending on
size and site of the abscess(es).
Acute Candida meningitis presents with meningismus
and may be indistinguishable from bacterial infection.
Candida meningitis has been reported with all species
of Candida, although a higher representation of C. tropicalis
has been noted in leukemic children with Candida meningitis [153]. In nonneutropenic patients, especially postsurgical
patients, meningitis is most commonly caused by C. albicans. CSF ﬁndings in acute Candida meningitis include
hypoglycorrhachia, increased protein and variable pleocytosis (mean 600 cells/PL) with lymphocytic dominance. Yeasts
are seen on Gram stain in only 40% of patients [147].
Occasional cases that are diagnosed early may present with
normal CSF ﬁndings. In premature neonates, acute Candida
meningitis is indistinguishable from bacterial infection or
systemic infection, and meningitis is especially severe in this
population [154]. Because of the paucity of signs indicating
acute meningitis in neonates, and severe morbidity, including
hydrocephalus, associated with a delay in diagnosis, lumbar
puncture should be obligatory in this high-risk population in
the presence of positive blood cultures for Candida.
A chronic form of Candida meningitis, which may mimic
tuberculous or cryptococcal meningitis, has also been
reported. Patients present with chronic headache, fever, and
nuchal rigidity [150]. Analysis of CSF shows either mononuclear or neutrophilic pleocytosis, elevated protein and
hypoglycorrhachia. In one review, only 17% of CSF Gram
stains were positive, and only 44% of initial CSF cultures
yielded Candida species. Overall mortality was 53% [150].
Candida species are not uncommon isolates in post-neurosurgical infections, including meningitis and wound or deep
surgical-site infections, especially following trauma and in
patients with brain tumors [155]. An even more frequent scenario is the patient with fever and positive Candida CSF
cultures in the presence of an indwelling CSF shunt or
device [156]. The clinical signiﬁcance of a single positive
CSF sample drawn through an indwelling device is

problematic and a deﬁnitive diagnosis may require repeated
positive cultures of CSF samples obtained by lumbar puncture. Shunt-associated infections include ventriculitis and
meningitis. Anecdotal case reports of Candida meningitis
following lumbar puncture are extremely rare [157].

Candida Pulmonary Infections
Candida species are frequently found in sputum and aspirates of endotracheal tube secretions, and their role as a possible cause of pulmonary disease is a frequent clinical
dilemma. Although invasive lung parenchymal disease due
to Candida undoubtedly occurs, this is rare. Two forms of
Candida pneumonia are described [158]. One form is local
or diffuse bronchopneumonia as a consequence of bronchogenic spread [159, 160] (Fig. 9). This infrequent event is
rarely the consequence of aspiration, even in heavily colonized high-risk patients. The second form is pneumonia
resulting from widespread seeding of the lung in a patient
with candidemia. The second syndrome is characterized by
diffuse, often nodular inﬁltrates [161]. Other rare clinical
manifestations include necrotizing pneumonia, pulmonary
mycetoma, and transient inﬁltrates attributed to allergic
bronchopulmonary candidiasis [162].
X-ray and CT scan studies are not useful in diagnosis.
Diagnosis of pulmonary candidiasis is extremely difﬁcult
and requires biopsy with histopathology demonstrating tissue invasion [163]. Diagnosis cannot be made on the basis of
radiologic ﬁndings and/or recovery of yeast from sputum or
aspirates of endotracheal tube secretions because of the frequency of both upper and lower respiratory tract colonization with Candida [164]. Cultures of bronchoalveolar lavage
specimens and recovery of Candida from lung biopsy
specimens are of low sensitivity and speciﬁcity and have a

Fig. 9 Candida pneumonia, an entity rarely diagnosed ante-mortem
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poor positive predictive value. Finally, even when Candida
infection is conﬁrmed histopathologically, pulmonary invasion is uncommonly of clinical signiﬁcance and in the few
instances of extensive pulmonary involvement, pneumonitis
usually occurs in the setting of a terminally ill patient.
Candida has rarely been reported to cause epiglottitis, laryngitis, and bronchitis [165].

Candida Urinary Tract Infections
Candiduria is a relatively rare ﬁnding in otherwise healthy
people [166]. The incidence of fungal urinary tract infections, and speciﬁcally candiduria, has dramatically increased
among hospitalized patients, especially those patients with
indwelling drainage devices and those who are immunosuppressed. Candida species are the microbial pathogens that
are most frequently isolated from the urine samples of
patients in surgical ICUs [167].
Diabetes mellitus may predispose patients to candiduria by
predisposing them to Candida colonization of the vulvovestibular area, enhancing urinary fungal growth in the presence
of glycosuria, lowering host resistance to invasion by fungi as
a consequence of impaired phagocytic activity, and promoting stasis of urine in a neurogenic bladder. It is likely that
antibiotics contribute to colonization by Candida species by
suppressing endogenous bacterial ﬂora, primarily in the gut
and lower genital tract, and possibly in superﬁcial areas adjacent to the urethral meatus. The same risk factors for nosocomial candiduria also predispose to bacteriuria [168, 169].
Candiduria is almost invariably preceded by bacteriuria.
Indwelling urinary catheters serve as a portal of entry for
microorganisms into the urinary drainage system. All catheters become colonized if left in place long enough. Other risk
factors for candiduria include extremes of age, female sex,
use of immunosuppressive agents, intravenous catheters,
interruption of urine ﬂow, and radiation therapy [168, 169].
Renal transplantation was previously thought to be a risk factor for ascending infection and candidemia when candiduria
was present. However, a nested case-control study of 192
renal transplant recipients who developed candiduria revealed
that candidemia occurred in only ten (5%) of patients [170].
The overwhelming majority of fungal infections of the
urinary tract involve Candida species. In a large multicenter
study, C. albicans was found in 446 (51.8%) of 861 patients
with funguria [169]. The second most common pathogen
(found in 134 of patients) was Candida glabrata. A second
study reported a slightly higher proportion of isolates due to
C. glabrata [171]. Risk factors for C. glabrata infection are
similar to those that predispose a patient to C. albicans
infection [171]. Although C. albicans is the most common
species encountered, virtually all epidemiologic studies have
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concluded that non-albicans Candida species are also
extremely common and more prevalent than in other sites,
such as the oropharynx and vagina, possibly as a function of
urine composition and pH selecting for non-albicans species. In 10% of patients, several species of Candida are found
simultaneously and candiduria frequently coexists with or
follows bacteriuria [171].
Ascending infection is by far the most common route for
Candida infection of the urinary tract and occurs more often
in women due to a shorter urethra and frequent vulvovestibular colonization with Candida. Catheterization can cause
infection by allowing migration of organisms into the bladder along the external surface of the catheter from the periurethral areas. Ascending infection that originates in the
bladder can also lead to infection of the upper urinary tract,
especially if vesicoureteral reﬂux or obstruction of urinary
ﬂow occurs, and may result in acute pyelonephritis and,
rarely, candidemia. A fungus ball consisting of yeast, hyphal
elements, epithelial and inﬂammatory cells, and, sometimes,
renal medullary tissue secondary to papillary necrosis, may
complicate infections. The fungus ball tends to be found in
dilated areas of the urinary tract, especially in the bladder in
the presence of obstruction.
Renal candidiasis most commonly follows hematogenous
dissemination of Candida to the kidneys. The kidneys are the
most commonly involved organ in disseminated candidiasis.
Candida species have a tropism for the kidneys; one study
revealed that 90% of patients with fatal disseminated candidiasis had renal involvement at autopsy. Rarely, isolated
hematogenous renal infection after transient candidemia can
occur, and often when renal candidiasis is suspected, blood
cultures are no longer positive.
The ﬁnding of Candida organisms in the urine may represent contamination, colonization of the drainage device, or
infection. Colonization refers to the asymptomatic adherence
of yeast, usually on drainage catheters or other foreign bodies, such as stents and nephrostomy tubes, in the urinary tract
and may spuriously result in a high concentration of the
organisms on urine culture. Simply ﬁnding or culturing the
organism does not imply clinical signiﬁcance, regardless of
the concentration of organisms in the urine. In one study,
colony counts t 104 cfu/mL of urine were associated with
infection in patients without indwelling urinary catheters,
but clinically signiﬁcant renal candidiasis also has been
reported with colony counts of only 103 cfu/mL of urine
[172]. While pyuria supports the diagnosis of infection in the
presence of a urinary catheter, pyuria can be explained by
mechanical injury of the bladder mucosa by the catheter and
is frequently the result of coexistent bacteriuria. Absence of
pyuria and low colony counts tend to rule out Candida infection, but the low speciﬁcity of pyuria and numbers of
cfu/mL require that results be interpreted in the clinical
context [172].
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Rarely, a granular cast containing Candida hyphal
elements is found, localizing the infection to renal parenchyma. Declining renal function suggests urinary obstruction or renal invasion [166]. For candiduric patients with
sepsis, not only is it necessary to obtain blood cultures, but
given the frequency that obstruction and stasis coexist, radiographic imaging of the upper tract is essential. Any febrile
patient for whom therapy for candiduria is considered necessary should be evaluated to ﬁnd the anatomic source of
candiduria.
Candiduria is most often asymptomatic and usually occurs
in hospitalized patients with indwelling catheters and the
yeast presence merely represents colonization. These patients
usually show none of the signs or symptoms associated with
urinary tract infection. Occasionally, patients may present
with symptoms of bladder irritation including dysuria, hematuria, frequency, urgency, and suprapubic tenderness.
Cystoscopy reveals soft, pearly white, elevated patches with
underlying friable mucosa. Hyperemia of the bladder mucosa
is common (Fig. 10). Symptomatic Candida cystitis is
extremely rare in both catheterized and noncatheterized
patients, implying that the bladder is relatively resistant to
invasion by Candida species. Emphysematous cystitis is a
rare complication of lower tract infection; prostatic abscess
caused by Candida species is occasionally seen, especially
among patients with diabetes.
Upper urinary tract infection presents with fever, leukocytosis, and costovertebral angle tenderness. On clinical
grounds, ascending pyelonephritis and urosepsis with
Candida species are indistinguishable from bacterial
pyelonephritis. Ascending infection almost invariably occurs

Fig. 10 Appearance of the bladder wall seen through a cystoscope in a
patient who had cystitis due to Candida krusei

in the presence of urinary obstruction and stasis, especially
in patients with diabetes or nephrolithiasis. Candida pyelonephritis is often complicated by local suppurative disease,
resulting in pyonephrosis or focal abscess formation and
infrequently candidemia. A major complication of upper urinary tract involvement is obstruction caused by fungal balls
(bezoars), which can also be visualized by ultrasound. Renal
colic may occur with the passage of fungal “stones” which
are actually portions of fungal balls.
Patients with hematogenous seeding of the kidneys from
candidemia may present with high fever, hemodynamic instability, and variable renal insufﬁciency. Blood cultures are
positive for Candida in half of these patients. Retinal or skin
involvement may suggest dissemination, but candiduria and a
decline in renal function may be the only clues to systemic
candidiasis in a febrile, high-risk patient. A reliable means
for diagnosing invasive candidiasis continues to be elusive.

Candida Abdominal Infections
Candida infection has been increasingly recognized as a cause
of abdominal sepsis and is associated with a high mortality
rate. Abdominal sepsis may occur as monomicrobial or polymicrobial peritonitis and result in single or multiple abscesses.
Translocation of Candida across the intact intestinal mucosa
has been shown experimentally in animals and human volunteers [173]. Peritoneal contamination with Candida species
usually follows spontaneous gastrointestinal perforation or
surgical opening of the gut [174]. After contamination of the
peritoneal cavity, Candida organisms do not inevitably result
in peritonitis and clinical infection. Peritonitis is more likely to
follow proliferation of accompanying bacterial pathogens but
can occur with Candida alone. Several risk factors have been
recognized in the development of peritonitis including recent
or concomitant antimicrobial therapy, inoculum size, and surgery for acute pancreatitis [174]. Pancreatic transplantation,
especially with enteric drainage, is associated with intraabdominal Candida abscess formation [175]. Candida species
appear to have unique afﬁnity for the inﬂamed pancreas,
resulting in intrapancreatic abscesses or infection of pseudocysts. With Candida peritonitis, Candida usually remains
localized to the peritoneal cavity; dissemination occurs in
approximately 25% of patients. Candidemia complicating
intraabdominal infection is associated with a high mortality.
The clinical signiﬁcance of Candida isolated from the
peritoneal cavity at the time of surgery or in the postoperative period is controversial. Earlier studies concluded that the
ﬁnding of a positive culture did not require antifungal
therapy [176]. In a review of Candida isolates from the peritoneal cavity, investigators determined that Candida caused
intraabdominal infection in 39% (19/49) of patients. In 61%
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of patients, Candida isolation occurred without signs of
peritonitis [174]. Accordingly, in each individual patient,
judgment based upon the presence of clinical signs of infection and other risk factors should be taken into consideration
in deciding to initiate antifungal therapy [177].
Candida peritonitis complicating chronic ambulatory
peritoneal dialysis (CAPD) is more common, but uncommonly results in positive blood cultures and hematogenous
dissemination. In a series of patients on CAPD followed for
5 years, fungal peritonitis, most commonly caused by
Candida species, accounted for 7% of episodes of peritonitis
and eight associated deaths [178]. Others have reported that
fungal infections account for between 1% and 15% of episodes of peritonitis in patients on CAPD [179]. Few risk factors for CAPD associated fungal peritonitis have emerged
except for hospitalization and recent prior episodes of peritonitis and antibacterial therapy. An extraperitoneal site of fungal infection is rarely identiﬁed. Clinically, fungal peritonitis
cannot be differentiated from bacterial peritonitis except by
Gram stain and dialysate culture.
Yeast isolation from the bile is not uncommon, especially
following biliary surgery, and has the same signiﬁcance as
asymptomatic bactobilia, that is, colonization without invasion is typical. While a potential source of future infection,
the ﬁnding of yeast in the bile in itself is not a justiﬁcation for
antifungal therapy [180]. Candida is an infrequent cause of
cholecystitis and cholangitis usually following extrahepatic
biliary tract obstruction [180, 181]. Other risk factors for biliary candidiasis include diabetes, immunosuppression, and
abdominal malignancy. A major contributory factor is use of
biliary stents placed to relieve obstruction; Candida infection
usually supervenes when stent drainage is compromised. In
this setting, infection is usually polymicrobial and Candida
is a pathogen that cannot be ignored. An uncommon complication of biliary candidiasis is development of fungus balls in
the gall bladder and dilated bile ducts [181]. Candidemia is
an infrequent complication of biliary candidiasis. Cholecystitis
due to Candida has been reported in AIDS patients with cholangiopathy. Morris and colleagues reviewed 31 cases of biliary candidiasis and classiﬁed disease as uncomplicated or
complicated. Uncomplicated cholecystitis implied that
Candida organisms were conﬁned to bile and the gall bladder
without extrabiliary spread. In contrast, complicated infections implied spread to adjacent structures, including liver
and peritoneum. Uncomplicated disease has minimal mortality and cure is achieved by cholecystectomy alone [181].

Candida Musculoskeletal Infections
Candida osteomyelitis has become more common. Most
cases result from hematogenous dissemination with seeding
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of long bones in children and the axial skeleton in adults.
Sites of bone infection include the spine, wrist, femur,
humerus, and costochondral junctions. Osteomyelitis may
present weeks or months following a candidemic episode;
hence, at the time of the presentation, blood cultures are usually negative and radiologic ﬁndings nonspeciﬁc. Diagnosis
usually requires percutaneous or open biopsy.
Occasionally, postoperative wound infections may spread
to contiguous bone, such as sternum and vertebrae [182].
Regardless of source, manifestations resemble bacterial
infection, but run a more insidious course, with a signiﬁcant
delay in diagnosis. Hematogenous vertebral osteomyelitis
most commonly affects the lower thoracic or lumbar spine.
In one series, 83% of patients had back pain lasting more
than 1 month, only 32% presented with fever, and 19% had
associated neurologic complications [183]. Species identiﬁed were C. albicans (57%), C. tropicalis (17%), and
C. glabrata (12%). A prior history of positive blood cultures
was present in 51–61% of cases [183].
Candida arthritis also represents a complication of
hematogenous candidiasis. It rarely follows local trauma,
surgery, or intraarticular injections [184, 185]. Patients with
underlying joint disease, such as rheumatoid arthritis and
prosthetic joints, are at increased risk. Non-albicans Candida
species account for a higher than expected frequency of cases
of fungal arthritis. Candida arthritis can occur in any joint
and involves multiple joints in up to 27% of cases. The knee
is the most commonly involved joint. Infection resembles
bacterial septic arthritis, but frequent delays in diagnosis and
suboptimal therapy often lead to chronic infection with secondary bone involvement.
Rarely hematogenous candidiasis may involve single or
multiple muscles resulting in Candida pyomyositis [186].
Abscesses may be large or small, and this complication is
frequently seen in immunosuppressed patients

Diagnosis
Culture and Histopathology
Candida species grow readily when cultures are obtained
from body ﬂuids or tissues, and results are usually available in 48–72 h. Isolation of Candida species from nonsterile sites such as wounds, skin, urine, sputum, vaginal
secretions, and stool is not diagnostic of Candida infection. A positive culture only indicates that Candida species
are present in the tissues examined. On the other hand,
positive Candida cultures from sterile sites (blood, CSF,
pleural ﬂuid, peritoneal ﬂuid) are almost always indicative
of infection.
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Blood cultures are only positive in 50–60% of autopsy-proven
cases of disseminated candidiasis; thus, negative blood cultures
do not rule out invasive disease. In one study, the highest sensitivity was achieved using the lysis centrifugation technique
[107], but other methods with equal efﬁcacy include the
BACTEC high blood volume fungal media and the BacT/Alert
system [187, 188]. The sensitivity of blood cultures decreases
when patients have received antifungal prophylaxis.
Deep-seated organ Candida infection may require tissue
biopsy to establish a deﬁnitive diagnosis. Tissue samples
may contain small numbers of organisms with resultant negative cultures. Tissue sections can be stained with Gomori
methenamine silver, methylene blue, or periodic acid-Schiff
stains to demonstrate yeasts and hyphae.
Species identiﬁcation of Candida is required for all infections because of the variable susceptibility to antifungal
drugs that is species speciﬁc. A rapid, but nonspeciﬁc identiﬁcation of C. albicans can be made by testing for germ tube
production. This test is performed by growing the yeast in
calf serum at 37 °C and observing for the formation of hyphae
that develop after 60–90 min of incubation [2]. C. stellatoidea
and C. dubliniensis also generate germ tubes, thus eliciting
false-positive results. A rapid trehalose test allows for the
presumptive identiﬁcation of C. glabrata within a few hours.
CHROMagar, a culture media utilized to rapidly identify
many common Candida species, employs a colorimetric
reaction on special agar that allows distinction among
C. albicans, C. glabrata, C. krusei, C. tropicalis, and several
other non-albicans Candida species. Commercially available carbohydrate fermentation and assimilation assays allow
the identiﬁcation of the different Candida species with more
precision.

Non-culture-Based Methods
Serological assays include testing for Candida antibodies
and antigens. The Candida antibody assays are nonstandardized and have no clinical utility. The assay for (1–3)beta-dglucan in blood appears to have good sensitivity (75–95%)
and reportedly a speciﬁcity of 88% for fungal infection. This
test is not speciﬁc for candidiasis, but is also positive for
other fungi, such as Aspergillus, Cryptococcus, Fusarium,
Acremonium, and Saccharomyces [189]. In one multicenter
study, between 78% and 81% of the 107 patients with proven
candidiasis had positive results on the beta-d-glucan assay
[190]. In another study, the assay was found to be useful in
diagnosing Candida-related device bioﬁlm infection [191].
The CSF assay may be useful in Candida CNS infections,
but requires clinical validation [148].
Polymerase chain reaction (PCR) and DNA probes have
the advantage of being able to detect small amounts of

Candida DNA in either blood or tissues. Despite the fact that
PCR assays have been shown to be highly sensitive, they
continue to have problems of false-positivity, are technically
difﬁcult to perform, and are not yet commercially available.
The C. albicans peptide nucleic acid ﬂuorescent in situ
hybridization (PNA FISH) assay was ﬁrst introduced in 2002
for rapid identiﬁcation of yeast directly from blood cultures
[192]. The assay uses PNA probes targeting C. albicansspeciﬁc rRNA. The test has been shown to have high speciﬁcity
and sensitivity [192, 193]. A more advanced kit is now available, the C. albicans/C. glabrata PNA FISH (Advan Dx, Inc,
Waburn, MA), which distinguishes between C. albicans and
C. glabrata from blood culture bottles that have signaled positive and demonstrate yeast on Gram staining [194]. A shortened
version (1.5 h) has recently been described [195].

In Vitro Susceptibility Testing
Currently available systemic agents with anti-Candida
activity are amphotericin B, ketoconazole, itraconazole, ﬂuconazole, voriconazole, posaconazole, caspofungin, micafungin, anidulafungin, and ﬂucytosine. The drug of choice
depends on the infecting species and the clinical setting.
Candida albicans is the most susceptible species. The pattern
for C. tropicalis and C. parapsilosis against azoles is quite
similar to that for C. albicans, with slightly higher MICs for
most antifungal drugs. Candida parapsilosis tends to have
higher MICs and in vitro is less susceptible to all echinocandin agents [3, 196, 197]. Candida glabrata tends to have ﬂuconazole MICs that are 16–64-fold higher than those for
C. albicans. Candida krusei isolates have the highest ﬂuconazole and ﬂucytosine MICs of any of the species. In addition,
C. krusei is also less susceptible to amphotericin B [7].
For three drugs, ﬂuconazole, itraconazole, and ﬂucytosine, interpretive breakpoints when tested by the methods
recommended by the Clinical and Laboratory Standards
Institute (CLSI) method, CLSI-M27, have been proposed
and are summarized in Table 1 [198]. For ﬂuconazole and
itraconazole, the designation susceptibility dose dependent
(S-DD) implies that susceptibility is dependent on obtaining
the maximal possible drug level. For ﬂuconazole, this designation implies use of doses of t 400 mg/day in adults with
normal renal function. Utilizing these breakpoints,
C. albicans, C. parapsilosis, C. tropicalis, and C. lusitaniae
are susceptible to ﬂuconazole, whereas MICs of C. glabrata
typically are in the S-DD category (Table 2). For itraconazole, C. glabrata, C. krusei, and C. lusitaniae often have
MICs in the S-DD category, while the other common Candida
species are generally susceptible. In general, virtually all
azoles, including the latest generation triazoles, voriconazole
and posaconazole, are 10–100 times less active against
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Table 2 General patterns of susceptibility of Candida species (Adapted from [196, 198])
Candida Species
Fluconazole
Itraconazole
Flucytosine
Amphotericin B
S
S
S
S-DD to R
S-DD to R
S

S
S
S
S-DD to R
R
S

Drug
Fluconazole
Itraconazole
Flucytosine
Voriconazole
Echinocandins

Interpretive breakpoints for isolates of Candida (minimum inhibitory concentration, Pg/mL)
Susceptible (S)
(S-DD or I)
Resistant
<8
S-DD, 16–32
>64
<0.125
S-DD, 0.25–0.5
>1
<4
I, 8–16
>32
<1
S-DD, 2
>4
<2
–
–

C. glabrata strains compared to C. albicans. Finally, most
species, except for C. krusei, are susceptible to ﬂucytosine.
Measurement of MICs of amphotericin B utilizing the
CLSI-M27 method is unreliable in detecting amphotericin
B-resistant isolates [198]. Modiﬁcations based on the use of
Antibiotic Medium 3 may resolve this problem [198].
Available data indicate that Candida isolates with CLSI-M27
amphotericin B MICs of 1 Pg/mL are likely resistant to
amphotericin B [198].
In contrast to C. albicans, the incidence of azole-resistant
Candida species other than C. albicans has increased over
the past 10 years [48]. At one end of the spectrum, in a large
cancer center there has been a dramatic increase of azole
resistant C. glabrata (31%) and C. krusei (24%), and C. albicans was found in only 14% of candidemia episodes. The
authors attributed the increase in non-albicans Candida species to ﬂuconazole exposure, mainly prophylactic use [57].
Noteworthy, the dramatic increase in non-albicans Candida
spp. was not seen in patients with solid tumors. C. krusei
has intrinsic ﬂuconazole resistance, whereas C. glabrata
resistance is frequently acquired and includes high
level resistance (t64 Pg/mL) and intermediate dosedependent resistance (16–32 Pg/mL) Moreover, C. glabrata
exhibits considerable clinically signiﬁcant cross resistance
between older azole agents (ﬂuconazole and itraconazole)
and voriconazole in patients with extensive prior azole drug
exposure [148]. Fortunately most tertiary care centers, especially those in Europe, have not documented the same
increase in non-albicans Candida spp., and both C. glabrata
and C. krusei are predictably sensitive to the echinocandin
class of antifungals [199]. Although available for more than
5 years, clinical and in vitro resistance of Candida isolates to
echinocandins have been remarkably rare. Although C.
parapsilosis isolates are predictably less susceptible to all
three available echinocandins, clinical failure is not common
with echinocandin use for this species.
Routine susceptibility testing of all Candida isolates is
not indicated although all invasive isolates should be identiﬁed to the species level. Susceptibility testing is justiﬁed in

S
S
S
S
I-R
S

S
S
S
S-I
S-I
S to R

Echinocandins

C albicans
C tropicalis
C parapsilosis
C glabrata
C krusei
C lusitaniae

S
S
S
S
S
S

patients with refractory disease, e.g., refractory OPC in
AIDS patients or persistent candidemia while on antifungal
therapy. Likewise testing of selected isolates from invasive
or deep sites might be useful in selecting alternatives to
amphotericin B.

Treatment
Oropharyngeal Candidiasis
Oropharyngeal candidiasis may be treated with either topical
antifungal agents (nystatin, clotrimazole, miconazole,
amphotericin B oral suspension) or systemic oral azole drugs
(ﬂuconazole, itraconazole or posaconazole). In patients who
are HIV-positive, OPC infections tend to respond more
slowly, and about 60% of patients experience a recurrence
within 6 months of the initial episode [83]. Guidelines for the
prevention and treatment of OPC and EC in HIV-infected
adults have been recently published by the United States
Publish Health Service and the Infectious Diseases Society
of America [106, 200].
Numerous antifungal agents are available for the treatment of OPC. Nystatin solution has been replaced by more
active and rapidly acting topical azoles, especially clotrimazole and miconazole [201]. Clotrimazole, 10 mg troches
administered ﬁve times daily, have been successful in treating mild to moderate OPC [202].
Ketoconazole, 200 mg daily, was the ﬁrst oral systemic
azole used and is highly effective even in debilitated patients
including those with malignancy, AIDS, and CMC with cure
rates of 80% [203]. However, ketoconazole use has been limited by hepatotoxicity and concerns about the reliability of
gastric absorption, especially in patients receiving
H2-blockers. A novel addition in the management of OPC
has been the approval of miconazole 50 mg muco-adhesive
tablets (MBT) [204]. Miconazole MBT is approved in France
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for the treatment of OPC in the compromised host. In a phase
III multicenter study comparing miconazole MBT once daily
versus clotrimazole troches ﬁve times daily in HIV-positive
patients, the MBT was found to be as effective as clotrimazole troches [204]. The MBT is generated from Lauriad
technology which is a novel delivery system. This methodology enables the adhesion of the tablet, composed of milk
protein concentrate, to the mucous membrane and subsequently allows for the gradual and controlled release of
miconazole over a period of 13 h [205].
Itraconazole, ﬂuconazole and posaconazole have markedly improved safety proﬁles and have become the standard
of care, especially for patients with moderate to severe OPC
[83, 206].
Posaconazole oral suspension (40 mg/mL) is approved for
the treatment of OPC in HIV/AIDS patients [207]. In a randomized, multicenter study comparing posaconazole 100 mg
daily to ﬂuconazole 100 mg daily for 14 days in HIV patients
with OPC, posaconazole showed clinical success in 92% of
patients and demonstrated non-inferiority to ﬂuconazole [207,
208]. These oral drugs are considered equivalent in efﬁcacy.
Although most studies on ﬂuconazole efﬁcacy for OPC utilized
an initial loading dose of 200 mg followed by 100 mg daily,
success has been achieved with 50 mg daily [206]. Fluconazole
treatment is characterized by rapid response. Slower response
rates have been described with both ketoconazole and miconazole troches in OPC patients with solid tumors [209]. In all
published studies, ﬂuconazole 100 mg/day, was at least equal
in efﬁcacy and in some studies superior to clotrimazole or
ketoconazole [83]. The goal of antifungal therapy in OPC is
rapid relief of symptoms, prevention of complications and
early relapse following cessation of therapy.

Esophageal Candidiasis
Candida esophagitis requires systemic therapy; topical drugs
are of little value. Parenteral therapy is frequently required
initially if the patient is unable to take oral medication.
Ketoconazole 200 mg bid was shown to be effective in EC
[210]. However, ketoconazole has now been replaced by the
triazoles, ﬂuconazole, itraconazole and posaconazole because
of greater efﬁcacy of the newer triazoles and the adverse side
effect proﬁle of ketoconazole. Fluconazole is the standard of
care in the management of EC. Oral ﬂuconazole at a dose of
200 mg/day for 14–21 days enjoys a superior safety proﬁle
with bioavailability of 92%. In several clinical trials, patients
with EC treated with itraconazole oral solution 100–200 mg/
day had a clinical response rate of 94%, comparable to the
91% for patients treated with ﬂuconazole tablets 100–
200 mg/day [211]. In addition, posaconazole oral suspension
400 mg BID has also been shown to be effective in the
management of EC in HIV/AIDS patients [200, 208, 212].

Patients with AIDS are at high risk of developing symptomatic
recurrences of EC [213, 214]. Accordingly, many clinicians,
following a single episode of EC, begin secondary prophylaxis with either ﬂuconazole, itraconazole or posaconazole.
Daily suppressive antifungal therapy with ﬂuconazole 100–
200 mg/day is effective in preventing recurrent episodes.
However, suppressive therapy should only be used if the
recurrences are frequent or are associated with malnutrition
due to poor oral intake.
In a randomized, multicenter trial comparing voriconazole to ﬂuconazole for the treatment of EC in 391 immunocompromised patients, voriconazole, 200 mg twice daily,
was as effective as ﬂuconazole, 200 mg daily, and well tolerated [215]. Similarly, the echinocandins, anidulafungin,
caspofungin, and micafungin, have also proven to be effective in treating EC in HIV-infected patients. Caspofungin
50 mg IV daily was equivalent to amphotericin B 0.5 mg/
kg/day in 123 immunocompromised patients with EC.
Clinical success was achieved in 74% and 89% of patients
receiving caspofungin at 50 mg and 70 mg/day, respectively
and in 63% of patients receiving amphotericin B [216].
Anidulafungin 50 mg IV daily showed excellent efﬁcacy
when it was compared to ﬂuconazole in the treatment of EC
in HIV-infected patients [217]. Micafungin 150 mg IV daily
also demonstrated excellent efﬁcacy when compared to ﬂuconazole in a randomized, double-blind study in patients
with documented EC [218].
Given the high success rates achieved with ﬂuconazole,
itraconazole, posaconazole, voriconazole, and the echinocandins, amphotericin B is now rarely used and generally reserved
for endoscopically proven cases of EC that fail azole and
echinocandin therapy. Low-dose amphotericin B (0.3–0.5 mg/
kg or 10–20 mg daily for 10 days) is often sufﬁcient for moderate disease, but higher doses may be necessary for some
patients with AIDS and refractory EC [83, 219].

Refractory Oropharyngeal
and Esophageal Candidiasis
Management of ﬂuconazole-resistant OPC and EC is
frequently unsatisfactory and any response is short lived,
with periodic and rapid recurrences. The clinical impact of
antifungal resistance in patients with AIDS has been reviewed
[220]. After the onset of ﬂuconazole-resistant thrush, AIDS
patients had a median survival of 184 days. Moreover, after
the onset of clinical resistance to amphotericin B, the patients
had a median survival of only 83 days. Although mucosal
candidiasis does not produce death directly, clinical failure
acts as a comorbid factor in the rapid demise of these patients
and is a marker of severe immunosuppression.
Several studies reveal a good correlation between in vitro
susceptibility and response of OPC and EC to antifungal
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treatment in HIV-infected patients [221, 222]. On the other
hand, therapeutic antifungal successes and failures were
noted in patients with OPC and Candida isolates with both
low and high MIC values. Risk factors for the development
of ﬂuconazole-resistant mucosal candidiasis in patients with
AIDS include greater number of episodes of OPC, lower
median CD4 cell count, longer median duration of
antifungal therapy, and longer duration of systemic azole
exposure [213].
Fluconazole refractory mucocutaneous candidiasis may
initially respond to higher doses of ﬂuconazole, 400–800 mg
daily, but with a short-term clinical response. Occasionally,
ﬂuconazole suspension may be beneﬁcial as a swish and
swallow approach [223]. Several studies have demonstrated
good response rates with itraconazole oral solution, 200 mg
twice daily [224, 225]. Clinical cure or improvement occurred
in 55–70% of patients; however, mycological cure rates were
only 30% and relapses occurred within a few weeks following treatment cessation. In vitro, ketoconazole and itraconazole cross-resistance is common. Amphotericin B oral
suspension is another therapeutic option in patients with
azole-refractory mucosal candidiasis [226] but this formulation is no longer available in all countries. In several small
studies, clinical improvement rates varied from 50% to 75%,
but the relapse rate was high.
Voriconazole and posaconazole have excellent in vitro
activity against ﬂuconazole-resistant C. albicans isolates
[83, 227]. Caspofungin 50 gm daily, micafungin 150 mg
daily, and anidulafungin 50 mg daily IV have also demonstrated clinical efﬁcacy [228]. Parenteral amphotericin B,
0.4–0.6 mg/kg daily, is less frequently required. Lipid-based
amphotericin B preparations may occasionally prove useful
in patients unable to tolerate conventional deoxycholate
amphotericin B [229].
Highly active antiretroviral therapy is an essential component of therapy of refractory disease. Treatment with antiretroviral therapy alone without antifungal drugs has been
shown to eradicate refractory OPC in patients with advanced
HIV infection [230]. Human recombinant granulocytemacrophage colony-stimulating factor (GM-CSF) has
demonstrated encouraging results in patients with refractory OPC and EC [231].

Prevention of Recurrent Oropharyngeal
and Esophageal Candidiasis
Chronic suppressive therapy with ﬂuconazole is effective in
prevention of OPC in both AIDS [232, 233] and cancer
patients [234]. Maintenance ﬂuconazole has been prescribed
daily, two or three times weekly, or once weekly. In a large
multicenter trial, ﬂuconazole, 200 mg three times weekly,

J.A. Vazquez and J.D. Sobel

as continuous therapy was compared with ﬂuconazole given
only for episodes of acute OPC in patients with advanced
HIV infection [235]. The investigators found no differences
among the two treatment groups with regard to the development of ﬂuconazole refractory infection. However, continuous ﬂuconazole therapy was associated with fewer cases of
OPC and EC and fewer invasive fungal infections. Overall,
all of the regimens that have been studied reduced relapse
frequency, but have the potential to select for resistant
C. albicans strains and may be associated with appearance of
C. glabrata. Given costs of long-term therapy and concern
for resistance development, chronic suppressive therapy is
only recommended in patients with frequent and disabling
recurrences, especially EC, as an alternative to early treatment of each recurrent episode. In spite of numerous reports
of refractory mucosal candidiasis due to resistant C. albicans
during the 1990s, risk of refractory disease in patients receiving maintenance ﬂuconazole and adhering to antiretroviral
therapy now appears small [235].

Vulvovaginal Candidiasis
Treatment of VVC predominantly involves use of the imidazole and triazole agents available as topical or oral formulations (Table 3). Azoles achieve higher success rates even
over shorter duration of therapy than nystatin vaginal
suppositories or creams. Little evidence exists that the choice
of formulation of the topical azoles inﬂuences cure rates.
Table 3 Azole therapy for vaginal candidiasis
Drug
Formulation

Dosage

Butoconazole

2% cream (5 g)
2% vaginal suppository

5 g × 3 day
1 supp

Clotrimazole

1% cream (5 g)
10% cream
100 mg vaginal tablet
100 mg vaginal tablet
500 mg vaginal tablet

5 g × 7–14 day
1 appl
1 tab × 7 day
2 tab × 3 day
1 tab once

Miconazole

2% cream (5 g)
100 mg vaginal suppository
200 mg vaginal suppository
1,200 mg vaginal suppository

5 g × 7 day
1 × 7 day
1 × 3 day
1 supp

Econazole

150 mg vaginal tablet

1 tab × 3 day

Fenticonazole

2% cream (5 g)

5 g × 7 day

Tioconazole

2% cream (5 g)
6.5% cream (5 g)

5 g × 3 day
5 g once

Terconazole

0.4% cream (5 g)
0.8% cream (5 g)
80 mg vaginal suppository

5 g × 7 day
5 g × 3 day
80 mg × 3 day

Fluconazole

150 mg tablet oral

150 mg once

Ketoconazole

200 mg tablet

400 mg × 5 day

Itraconazole

100 mg tablet oral

200 mg × 3 day
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Topical agents previously prescribed for 7–14 days are now
available as single dose or short course (3–5 day) regimens.
Topical azoles when appropriately prescribed are remarkably free of systemic side effects and toxicity especially in
pregnancy [232].
The oral azoles used for systemic therapy are ketoconazole,
itraconazole, and ﬂuconazole, but only ﬂuconazole (150 mg
given as a single dose) is approved by the FDA for this indication in the United States. Oral azoles have been shown to be at
least as effective as topical agents, are more convenient and
more popular among users and are free of local side effects
[236, 237]. In selecting an antifungal agent, it is useful to
deﬁne VVC as uncomplicated or complicated disease [238].
The majority of episodes of VVC are uncomplicated (90%).
These are sporadic, mild-to-moderate infections caused by C.
albicans that occur in normal hosts who lack predisposing factors. Uncomplicated infections can be successfully treated
with any of the available topical or oral antifungal agents,
including short course and single dose regimens.
Complicated infections are deﬁned as those that (1) have a
moderate to severe clinical presentation, (2) are recurrent in
nature (t4 episodes per year), (3) are caused by non-albicans
Candida species, or (4) occur in abnormal hosts, e.g., diabetic patients with poor glucose control. Complicated infections are far less likely to respond to abbreviated courses of
therapy [238] and should be treated more intensively for
7–14 days in order to achieve a clinical response. In a study
of almost 500 women with complicated VVC, prolonging
ﬂuconazole therapy by adding a second dose of 150 mg ﬂuconazole 72 h after the initial dose resulted in signiﬁcantly
higher clinical and mycological cure rates in women with
severe VVC [239]. Non-albicans Candida species, especially
C. glabrata, are less susceptible in vitro to azoles, and VVC
caused by these species is less likely to respond clinically,
especially to short course azole therapy. Encouraging results
have been obtained with boric acid 600 mg capsules given
vaginally daily for 14 days or topical 17% ﬂucytosine [240].
Vulvovaginal candidiasis in HIV-infected women is
incompletely understood. One large study found it to behave
in a fashion similar to that in seronegative women [241].
Vaginal carriage of Candida is more common in HIV seropositive women, but symptomatic VVC was not more
frequent or modestly increased only and did not increase
with progressive immunosuppression. Others have, however,
noted increased rates of VVC with increasing immunosuppression [242–244]. The differences in results may be due to
differences in study design and diagnostic criteria [241, 245].
Longitudinal cohort studies of vaginal candidiasis in
HIV-positive women did show a progressive increase in
colonization with C. glabrata and diminished ﬂuconazole
susceptibility [244]. Therapy of VVC in HIV-infected women
remains the same as that for seronegative women. Recurrent
VVC is usually caused by susceptible strains of C. albicans,

and resistance is rarely encountered. Although more intensive
prolonged induction therapy lasting up to 14 days invariably
induces remission, the fungistatic nature of the available
agents combined with persistence of the underlying defect
makes relapse within 3 months almost inevitable unless a
maintenance antifungal regimen is employed. The regimen
used most often is ﬂuconazole, 150 mg weekly [246].
Male genital candidiasis presents in two forms, and most
commonly as a transient pruritic and erythematous penile
cutaneous reaction that may follow unprotected intercourse
with exposure to Candida antigens present in the partner’s
vagina and represents a hypersensitivity reaction. Successful
treatment entails eradication of yeast in the vagina. True
superﬁcial penile Candida infection, the second form, occurs
infrequently and usually in diabetic and uncircumcised males
who develop balanoposthitis that responds promptly to
topical or systemic azole therapy.

Cutaneous Candidiasis
Localized cutaneous candidiasis infections may be treated
with any number of topical antifungal agents (e.g., clotrimazole, econazole, miconazole, ketoconazole, ciclopirox).
Candida paronychia requires drainage of the abscess, followed by oral therapy with either ﬂuconazole or itraconazole.
However, Candida folliculitis, onychomycosis, and extensive cutaneous infections in patients who are immunocompromised require systemic antifungal therapy. For Candida
onychomycosis, oral itraconazole appears to be the most
efﬁcacious, either 100 mg daily for 3–6 months or as a pulsedose regimen that requires 200 mg twice daily for 7 days,
followed by 3 weeks off therapy. The cycle is repeated every
month for 3–6 months [247].

Chronic Mucocutaneous Candidiasis
Oral azoles have revolutionized the prognosis and treatment
of CMC. Ketoconazole, ﬂuconazole, and itraconazole induce
long treatment-free remissions of CMC and can be used continuously or intermittently in cases requiring chronic maintenance therapy [248, 249]. Over the last decade, a variety of
therapeutic approaches aimed at improving cell mediated
immunity have been attempted, with inconsistent results and
only moderate success as compared to oral azole therapy.
Thymus transplantation has been reported to provide improvement in CMC patients suffering from DiGeorge syndrome
[250]. White blood cell transfusions produced transient
improvement in CMC symptoms only [251]; however, bone
marrow transplantation has been successful [252].
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Disseminated Candidiasis
The selection of any particular antifungal agent for the
treatment of candidemia should take into consideration any
recent history of azole exposure, a history of intolerance to
antifungals, the Candida species involved, available susceptibility data in any particular center, severity of illness, relevant co-morbidities and evidence of involvement of cardiac
valves, retina, CNS and/or visceral organs [106]. Early initiation of effective antifungal therapy is critical as evidenced
by recent data correlating higher morbidity with delay of
appropriate therapy [253, 254].
In the nonneutropenic patient, candidemia is related to the
presence of an intravascular catheter in up to 80% of patients
[255]. Removal of all intravascular catheters appears to
shorten duration of candidemia [114] and has been associated with reduced mortality [256, 257]. Although some
patients have even been cured by catheter removal alone
[258], many transient episodes of candidemia are associated
with hematogenous dissemination leading to end organ
involvement, including endophthalmitis and osteomyelitis.
Thus, all episodes of candidemia merit antifungal therapy
[257, 259]. A dilated fundoscopic examination is important
in all candidemic patients [106].
Amphotericin B had been the standard therapy of candidemia [260], but two prospective randomized trials [255,
261] and two retrospective reviews [256, 262], comparing
amphotericin B with ﬂuconazole demonstrated that amphotericin B at 0.5–0.6 mg/kg daily and ﬂuconazole at 400 mg
daily are highly effective and not signiﬁcantly different as
therapy of candidemia in non-neutropenic patients. In all
four studies, the majority of isolates were C. albicans and the
strength of the data is less for non-albicans species, but similar trends hold. Accordingly during the last two decades, ﬂuconazole and amphotericin B have been considered equivalent
and both have served as ﬁrst line therapy for candidemia.
Fluconazole should be considered ﬁrst-line therapy for
patients who have mild to moderate illness, who are hemodynamically stable, who have no previous exposure to azoles,
and who lack risk factors for C. glabrata infection (elderly
patients, diabetics, cancer and recent abdominal surgery)
[106, 255, 263, 264].
Step-down therapy to ﬂuconazole is reasonable for
patients initially responding to amphotericin B or echinocandins provided that the responsible organism is susceptible to
ﬂuconazole. For C. glabrata fungemia, many experts prefer
voriconazole as oral step down treatment. Parenteral voriconazole although shown to be equivalent to amphotericin B
in a large multicenter controlled trial is infrequently used for
invasive candidiasis, not because of issues of efﬁcacy, but
because of frequent drug interactions and adverse effects
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[265]. There is a little role for itraconazole for candidemia,
given similar antifungal activity, ease of administration,
superior pharmacokinetics, and better tolerability of
ﬂuconazole.
The echinocandins, caspofungin, micafungin, and anidulafungin, have been shown to highly effective for candidemia,
achieving ~75% success rates in randomized clinical trials
[264, 266, 267]. Because of their efﬁcacy, excellent safety
proﬁle, and few drug interactions, echinocandins are now
considered by some experts as drugs of ﬁrst choice for candidemia, especially when ﬂuconazole use is questionable in
patients at high risk of infection with C. glabrata or C. krusei.
Somewhat controversial is the selection of either ﬂuconazole
or an echinocandin for C. parapsilosis candidemia given the
higher MICs observed with the entire echinocandin class
[268]. Recent guidelines favor the use of ﬂuconazole in this
context although clinical data supporting this opinion are
absent [106]. Some have found that echinocandins are superior to ﬂuconazole as initial therapy for candidemia [264].
This conclusion remains highly controversial and unlikely to
be resolved by future clinical studies comparing the two
classes of antifungals.
Voriconazole does not provide predictable activity against
ﬂuconazole resistant C. glabrata [7], but is useful for patients
with ﬂuconazole-resistant C. krusei, C. guilliermondii or
C. glabrata with documented voriconazole susceptibility who
transition from amphotericin B or echinocandin to oral therapy.
Although posaconazole has excellent in vitro activity against
most Candida species, there are inadequate clinical data to support its use for invasive candidiasis. In addition, the lack of an
intravenous preparation prohibits its initial use, although it may
be extremely useful for patients when transition to an expanded
spectrum oral azole is required to complete therapy.
The required duration of antifungal therapy is undetermined, but therapy is usually continued for approximately
2 weeks after the ﬁrst negative blood culture in the absence
of metastatic complications. With this approach, the rate of
subsequent recurrent infection at hematogenously seeded
sites is rare [255].
In the neutropenic patient with candidemia, fewer data are
available to guide management. Although the gut has been
implicated as an occasional source of candidemia in
nonneutropenic patients, it appears likely that the gastrointestinal tract is the most common source of candidemia in neutropenic patients [269]. One notable exception is that
C. parapsilosis fungemia is highly associated with intravascular catheters in cancer patients [8]. Moreover, in neutropenic patients, removal of intravenous catheters, if possible,
is still recommended [109]. Recovery of bone marrow function is critical, and no therapeutic approach is consistently
successful in the face of persistent leukopenia. Most experience is with amphotericin B at 0.6–1.0 mg/kg daily until
recovery of marrow function. The optimal dose of amphotericin

193

Candidiasis

B is not certain, but non-albicans Candida species require
higher doses (0.8–1.0 mg/kg daily) of amphotericin B, especially C. krusei and C. glabrata, the two species that also are
the least susceptible to ﬂuconazole [270]. Currently, most
hematology units use lipid formulations of amphotericin B,
3–5 mg/kg daily, rather than amphotericin B deoxycholate.
Data comparing this approach with ﬂuconazole are limited, but one retrospective matched cohort study found that
median daily doses of 400 mg for ﬂuconazole and 0.6 mg/kg
for amphotericin B were associated with similar outcomes in
a mixed group of neutropenic and nonneutropenic cancer
patients [262]. Because of the extensive use of ﬂuconazole as
prophylaxis, there is a diminished treatment role for ﬂuconazole among neutropenic patients. In spite of few randomized controlled trials, echinocandins are now considered ﬁrst
line therapy in neutropenic patients in preference to ﬂuconazole [106, 271]. Although data are limited, success rates in
neutropenic patients appears similar to those reported in nonneutropenic patients. Because of ﬂucytosine’s potential for
marrow suppression and the lack of a readily available intravenous formulation, ﬂucytosine is infrequently used.
Patients may develop candidemia while on antifungal
therapy, including prophylactic antifungal drugs. Such breakthrough candidemia may be due to infection of an intravascular catheter, in which case the infecting isolate is usually
susceptible to the apparently failing drug [272]. In cancer
patients, breakthrough candidemia was associated with a
higher mortality and occurred more often in the setting of an
intensive care unit stay, prolonged neutropenia, and use of
corticosteroids [273]. In this setting, immunosuppression
should be reduced and factors that might alter antifungal
drug delivery or clearance excluded. Intravenous catheters
should be changed. Since non-albicans Candida species are
frequently responsible, the possibility of drug resistance
should be considered. If resistance is likely or MIC data document resistance, therapy should be changed to an antifungal
drug of a different class.
Central tunneled catheters in febrile neutropenic patients
do not require mandatory removal since in this setting alternate vascular access sites are less available and removal is
more difﬁcult. Most importantly, such catheters are less
likely to be the source of candidemia although they may
become infected secondary to bloodstream infection.
Occasionally, these valuable access sites may be
salvaged using the controversial antibiotic lock method
utilizing amphotericin B [274, 275]. However, results are
unpredictable. The importance of a positive catheter tip is
similarly controversial. In afebrile patients at low risk of candidemia, antifungal treatment does not appear to be indicated. On the other hand, in a high-risk patient with
unexplained antibiotic-resistant fever, the ﬁnding of a positive catheter tip culture for Candida often results in initiation
of empirical antifungal therapy.

Chronic Disseminated Candidiasis
In the absence of randomized controlled studies, therapy has
usually consisted of prolonged amphotericin B alone; however, this approach has not been uniformly successful [276,
277]. Amphotericin B followed by a protracted course of ﬂuconazole is associated with cure rates of 90% [278, 279].
This regimen is preferred by many experts. Use of ﬂuconazole is sometimes successful when amphotericin B is not.
Lipid-based amphotericin B has also been used successfully
[280]. Anecdotal case reports indicate successful outcome
with caspofungin alone or with azole [281, 282], however
failures are also reported. Current recommendations favor a
lipid formulation of amphotericin B for 1–2 weeks followed
by oral ﬂuconazole, which is continued until there is resolution or calciﬁcation of lesions on follow-up CT scans obtained
every 2–3 months [106]. Resolution of lesions occurs in the
majority of patients within 6 months. Provided that the
lesions have stabilized, the patient is clinically improved,
and antifungal therapy is continued, stem cell transplantation
can be performed and cancer chemotherapeutic agents can
be given without relapse occurring [280]. Splenectomy in
addition to antifungal therapy is occasionally performed
when disease is conﬁned to the spleen.
Adjuvant glucocorticoids may have a role in achieving a
prompt resolution of fever, abdominal pain and the inﬂammatory response in patients refractory to antifungal therapy
but prolonged antifungal therapy is still required [283].
Additional studies are still needed before this form of therapy can be recommended.

Neonatal Candidiasis
In infants, failure to promptly remove or replace central
venous catheters prolongs candidemia, increases mortality
and long term irreversible neurodevelopmental complications [284]. Amphotericin B at 0.5–1.0 mg/kg daily for a
total dose of 10–25 mg/kg, with or without ﬂucytosine, is the
therapy of choice for neonated candidiasis. The excellent
penetration of amphotericin B into the CSF in neonates is
presumably part of the reason that amphotericin B alone is
often successful [285]. Lipid-formulations of amphotericin
B for this condition can be used if urinary tract involvement
is excluded. Fluconazole is also attractive in this setting, and
has been used successfully at doses of 6–12 mg/kg daily
[284, 286–289]. Comparative data between amphotericin B
and ﬂuconazole for neonatal candidiasis are lacking, but
recommended length of therapy is 3 weeks. Topical and oral
therapy with agents such as nystatin or an antifungal azole
often are adequate therapy for full-term infants with
candidiasis limited to skin and the GI tract [146]. The role of
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ﬂucytosine in neonates with Candida mengitis is questionable
and not routinely recommended [284]. Experience with echinocandins is growing, and pharmacokinetic data are now
available [284]; nevertheless, until further experience is
available, echinocandins use is generally limited to situations
in which resistance or toxicity preclude the use of ﬂuconazole or amphotericin B [106].

Candida Urinary Tract Infections
Treatment of candiduria requires differentiating between
colonization and superﬁcial and deep tissue infection as well
as the anatomical level of infection. Candiduria in catheterized subjects usually represents catheter or superﬁcial bladder colonization only, is extremely common, almost
invariably asymptomatic, and of little clinical signiﬁcance.
Asymptomatic candiduria in this context should not be
treated since the sequelae of ascending or invasive Candida
infections are rare [290, 291] and any effects of treatment are
short lived [172]. Asymptomatic candiduria should be treated
in neutropenic patients and those undergoing elective urinary
instrumentation. Treatment was considered in post-renal
transplant patients, however, a nested case control study of
192 renal transplant recipients who developed candiduria
concluded that treatment with an antifungal agent did not
facilitate Candida clearance or improve survival [170].
Both prospective [169] and retrospective [292] studies of
asymptomatic funguria indicates that neither risk reduction
nor antifungal therapy affected morbidity and mortality in
hospitalized patients. In a large study of 861 hospitalized
patients, only 1.3% of patients developed candidemia [169].
Symptomatic lower urinary tract infections due to Candida are
rare and should be treated, especially in noncatheterized
patients. Therapeutic options include oral ﬂuconazole 200 mg/
day for 7–14 days [171], amphotericin B as a 0.3 mg/kg single
dose [168], or amphotericin B, 0.3 mg/kg for 5–7 days [293].
Amphotericin B bladder irrigation with a solution of 50 mg
amphotericin B in a liter of sterile water through a triple lumen
catheter for 7 days is an effective but inconvenient option
[294]. Shorter courses may prove to be an alternative [295].
Ketoconazole and itraconazole achieve low urine drug concentrations and yield unreliable results [296], and voriconazole and posaconazole similarly are not excreted into the
urine and have not been used for treatment of Candida urinary
tract infections. Oral ﬂucytosine is rarely indicated because of
emergence of resistance during therapy, but has been useful on
occasion in eradicating C. glabrata infection. The echinocandins are poorly excreted into urine and perhaps have a limited
role in treating candiduria associated with invasive urinary
candidiasis with fungal parenchymal invasion, for which tissue
concentrations of echinocandins may be effective [103].
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Ascending pyelonephritis, although uncommon, represents
a serious infection that may be complicated by candidemia
and disseminated infection [290]. Therapy for this form of
Candida pyelonephritis consists of relieving any urinary
obstruction plus ﬂuconazole or systemic amphotericin B in
doses similar to those used for disseminated candidiasis.
Finally, candiduria may be the result of renal candidiasis secondary to previous or ongoing candidemia with hematogenous
spread. Therapy is identical to that of disseminated candidiasis. A recent retrospective study suggests that organ contamination at the time of renal transplantation can lead to Candida
infection of the allograft leading to renal arteritis [297].

Ocular Candidiasis
Penetration of amphotericin B into the eye is poor, whereas
ﬂuconazole and voriconazole achieve levels in the vitreous
body that are approximately 50–75% of serum levels.
Amphotericin B, 0.7–1 mg/kg daily, combined with ﬂucytosine, 100 mg/kg daily, is recommended for sight threatening
lesions based on early experience [106, 117]. However, systemic therapy alone is not uniformly successful and intravitreal amphotericin B following vitrectomy has been helpful,
both as monotherapy or in conjunction with systemic therapy
[298–300]. Intravitreal doses of amphotericin B of 5–10 Pg
are indicated for vision threatening disease [301–303].
Fluconazole diffuses well into all parts of the eye and is
an acceptable alternative for less severe disease [304–306].
Fluconazole given as sole therapy for approximately
2 months cured 15 of 16 patients with Candida endophthalmitis [307]. Fluconazole was also effective following short
courses of amphotericin B. Patients requiring vitrectomy
generally have more severe disease, and ﬂuconazole monotherapy was curative when given after vitrectomy. If an ocular implant is present in the infected eye, implant removal
appears critical to resolution of the infection [308]. Increasing
data are available to show that voriconazole is an effective
agent for the treatment of Candida endophthalmitis and can
be given as an intravitreal injection, as well as systemically
for sight threatening disease. The recommended duration of
therapy is at least 4–6 weeks, but should be based on repeated
examinations that conﬁrm resolution of the lesions.

Candida Cardiac and Endovascular
Infections
Medical therapy alone has rarely been curative for cardiac or
vascular infections [130, 309–312]. The inability of prolonged courses of high dose amphotericin B to cure either
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native or prosthetic valve endocarditis [313, 314] has led to
the recommendation that patients be treated with a combination of valve replacement and prolonged antifungal therapy
[130, 315, 316]. This combined approach remains the latest
recommendation of the Infectious Disease Society of America
[106]. Post-operative amphotericin B with or without ﬂucytosine is prescribed for at least 6 weeks following surgery [106].
However, due to the high rates of relapse, most clinicians treat
for longer than 6 weeks. As an alternative, step down therapy
with ﬂuconazole 6–12 mg/kg daily is reasonable with susceptible Candida species and with clearance of candidemia. A
total course longer than 6 weeks is crucial in patients with
perivalvular abscesses and other complications [106].
Most patients are now treated with a lipid formulation of
amphotericin B at a dose of 3–5 mg/kg daily to reduce nephrotoxicity. Flucytosine is given at a dose of 100 mg/kg daily
in four divided doses with normal renal function. Serum
ﬂucytosine levels should be monitored to keep serum drug
levels <75 Pg/mL.
Case reports of successful medical treatment of Candida
with echinocandin monotherapy especially caspofungin have
appeared [317, 318]. The role of echinocandins has not been
fully clariﬁed although there is growing evidence of their use
as an alternative to amphotericin B, given their fungicidal
activity, rare resistance, and overall safety. Higher doses than
normally used for candidemia have been suggested, caspofungin 100–150 mg daily, micafungin 150 mg daily and anidulafungin 100–200 mg daily [106]. Failure with development
of resistance to caspofungin, especially with C. parapsilosis
has been reported [319]. In general, caution is suggested in
selecting an echinocandin for C. parapsilosis. Fluconazole
has been the most frequently employed long-term oral agent,
given its superior safety proﬁle [314, 315, 320].
A similar strategy is applicable in children. Medical therapy alone is often pursued in neonates due to their complicated, overlapping medical problems [309, 310, 321].
Effective monotherapy with amphotericin B is more frequently reported in neonates who have disseminated candidiasis with cardiac thrombi and vegetations.
Late recurrence or relapse following medical treatment
has been described, even several years after the initial episode
[322], emphasizing the need for prolonged follow-up.
Chronic suppressive therapy with ﬂuconazole is recommended for patients in whom cardiac surgery is contraindicated
[106, 323–325]. Some experts recommend ﬂuconazole suppressive therapy even when successful surgical resection has
been performed and followed by 6 weeks of intravenous
therapy. This unproven approach is recommended for patients
with prosthetic cardiac valves because of high relapse rates
and the difﬁculty involved in repeated cardiac surgeries. In
patients with endocarditis caused by ﬂuconazole resistant
organisms, such as C. glabrata and C. krusei, oral voriconazole suppressive therapy is recommended.

There has been a marked reduction in mortality associated
with Candida endocarditis. In an international multicenter
prospective cohort study that included 33 cases of Candida
endocarditis that were treated between 2000 and 2005, the
mortality rate was 30% [326]. These ﬁgures are dramatically
better than the previous reports of Ellis in 2001 (42–59%)
[130]. A recent meta-analysis of 72 of 163 patients who had
Candida endocarditis between 1980 and 2002, revealed a
reduced mortality when patients received combined surgical
and medical therapy [327]. Clearly the role of medical therapy alone is improving, and while the prevailing majority
opinion advocates a combined approach, a decision should
be based on individual case considerations.
Candida infections of transvenous pacemakers require
both surgical removal of the infected device and prolonged
systemic antifungal therapy for at least 4–6 weeks [133]
Purulent Candida pericarditis is treated with a combination
of surgical drainage (pericardiocentesis or pericardiectomy)
together with prolonged antifungal therapy [128, 328]
Persistent candidemia is sometimes due to Candida suppurative phlebitis of either central or peripheral veins. In the
case of peripheral phlebitis, the involved vein is not always
tender, although usually thrombosed. Treatment consists of
catheter removal, aspiration, resection, or incision and drainage of the vein, followed by a 14-day course of amphotericin
B or ﬂuconazole [135, 137, 329]. When a central vein is
involved and surgery is not an option, systemic antifungal
therapy may be successful [330, 331]. Candida infections of
arteriovenous dialysis ﬁstulas are rare, and effective therapy
generally requires both antifungal therapy and removal of
the ﬁstula.

Candida Abdominal Infections
Removal of the dialysis catheter is usually required for
successful therapy of CAPD-related fungal peritonitis [179,
332, 333]. Occasionally, some patients are cured via this
maneuver alone [334, 335]. Short courses of parenteral
amphotericin B have been used successfully. Intraperitoneal
therapy with amphotericin B is associated with abdominal
pain and the development of adhesions, and is no longer recommended [336]. Several reports have documented the utility of ﬂuconazole in combination with ﬂucytosine as therapy
for dialysis catheter-related peritonitis [333, 337, 338].
Dosages of ﬂuconazole are 100–200 mg daily and dosages of
ﬂucytosine are 15 mg/kg after hemodialysis for patients
whose catheters have been removed [333, 339].
The potential for Candida to cause peritonitis has now been
clearly demonstrated [174, 340–342]. While no speciﬁc criteria
identify the patients in whom Candida is signiﬁcant, factors
such as presence of sepsis, multiple operations, pancreatic
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involvement, and heavy growth of Candida from peritoneal
cultures strongly suggest that antifungal therapy is indicated
[174, 342, 343]. Although amphotericin B has been used in the
past, this is rarely indicated now and patients should be treated
with ﬂuconazole or an echinocandin [174, 341, 342, 344].
Candida is isolated from the bile in up to 2% of cholecystectomies, but the mere isolation of the organism does not
mandate therapy. However, if the patient has biliary obstruction or gangrenous cholecystitis, then isolation of Candida
merits systemic therapy. Amphotericin B achieves bile concentrations that are two to sevenfold higher than serum concentrations [345]. Candida fungus balls can cause biliary
obstruction of the collecting system and may require surgical
removal. The association between increased mortality and
Candida superinfections in patients with acute necrotizing
pancreatitis [346, 347] provides strong support for the use of
an antifungal agent if Candida is isolated from pancreatic
tissue. After suitable debridement and/or drainage, therapy,
usually with ﬂuconazole or an echinocandin, is indicated.

Candida Musculoskeletal Infections
Most investigators recommend amphotericin B as the primary agent for Candida osteomyelitis [348–350]. Several
groups recommend surgical debridement of infected bone in
cases of vertebral osteomyelitis, but not all clinicians agree
with that approach [183, 348]. There is no consensus regarding duration of therapy, but treatment is usually continued for
at least 2–4 weeks after resolution of clinical signs and symptoms of infection or microbiologic evidence of eradication of
infection [106]. One report suggested that amphotericin B
might safely be added to bone cement in complicated cases
[351]. Several investigators have used a course of amphotericin B, followed by 6–12 months with an azole [348, 350,
352]. There is increasing experience with azole agents and
echinocandins for treatment of osteomyelitis [353–356].
Systemic antifungal therapy and joint drainage or joint
lavage may be necessary to achieve cure of septic Candida
arthritis. Open drainage is particularly important in Candida
infection of the native hip. For infection involving a prosthetic
joint, resection arthroplasty is virtually always required [357].
Successful medical treatment with ﬂuconazole for 17 months
of a hip prosthesis that was infected with C. albicans has been
described, but post-therapy follow-up was only 11 months
and this type of response appears to be the exception rather
than the rule [358]. Most treatment experience for Candida
arthritis has been with amphotericin B [359]. Substantial synovial ﬂuid levels (20–100% of serum levels) are achieved
with amphotericin B. Intraarticular amphotericin B, typically
5–10 mg, has been given at intervals in association with joint
aspiration, but may be associated with joint surface irritation
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[359]. Experience with azole therapy is limited, but a few
reports indicate success [357, 360, 361]. Good drug penetration with ﬂuconazole has been documented.

Candida Central Nervous System Infections
No randomized controlled trials have been performed to evaluate the most appropriate therapy. Most experience with the
therapy of Candida meningitis has been with amphotericin
B, often in combination with ﬂucytosine, because of the latter
agent’s ability to penetrate the blood–brain barrier [362, 363].
Most experts favor lipid-formulations of amphotericin B
because of decreased risk of nephrotoxicity [106]. Fluconazole
with ﬂucytosine [364], and ﬂuconazole monotherapy have
been used [365]. For Candida meningitis following neurosurgical procedures, especially in association with CSF devices,
such as shunts or drains, device removal plus antifungal therapy is required [366]. For Candida meningitis associated
with neurosurgery or devices, intravenous amphotericin B is
usually effective, but some patients may require the addition
of ﬂucytosine or intrathecal amphotericin B [155]. The excellent penetration of ﬂuconazole into the CSF suggests that it
might be a useful agent in this setting, although some ﬂuconazole failures have been reported [155, 367].
Treatment of Candida brain abscess [151, 368], epidural
abscess [369], and intramedullary abscess has been with
amphotericin B and ﬂucytosine, occasionally followed by oral
azole therapy. Length of therapy has not been deﬁned but
experts recommend several weeks of therapy before transition
to oral azole therapy. There are no reports of the use of voriconazole or posaconazole for Candida CNS infections.
Voriconazole achieves excellent levels in CSF [370] but posaconazole CSF levels are low. For the rare case of C. glabrata or
C. krusei, voriconazole seems appropriate therapy after initial
treatment with AmB and ﬂucytosine. Echinocandins have been
used infrequently for CNS infections and there are reports of
both success and failures as well as reports of CNS breakthrough infections after therapy for candidemia [371]. Recently,
Hope et al. reported upon micafungin CSF pharmacokinetics in
a rat model of neonatal Candida meningoencephalitis [372].
Micafungin was not reliably found in the CSF. These agents
cannot be currently recommended for CNS candidiasis [106].

Prevention of Invasive Candidiasis
in ICU Patients
From 25% to 50% of nosocomial Candida infections occur
in patients in ICUs 373, particularly those in surgical ICUs
[52]. Fluconazole use has increased dramatically in the ICU,
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both as a prophylactic agent and as empirical therapy in the
febrile patient [374–376]. However, multiple studies have
failed to show any beneﬁt for prophylaxis, due in part to
inclusion of low-risk patients in clinical trials and performance of studies that lacked adequate power [374, 375, 377,
378]. A recently published placebo controlled study utilizing
empirical ﬂuconazole for febrile high risk ICU patients failed
to show any beneﬁt of empirical antifungal use [379].
Some studies have shown the beneﬁt of ﬂuconazole prophylaxis by either using highly selective entry criteria [177]
or enrolling only very high-risk surgical patients [380, 381].
The majority of patients in a surgical ICU are at low risk of
invasive Candida infection with an approximately 1% overall incidence of candidemia. Patients at highest risk are those
who undergo liver transplantation [382, 383], pancreas transplantation [175], and those with persistent or refractory gastrointestinal leakage [177]. While liver and pancreas
transplant recipients are easy to identify, as are surgical
patients with persistent GI leakage, the group of ICU patients
who may beneﬁt from ﬂuconazole prophylaxis remains difﬁcult to select. Recently, investigators have identiﬁed critically ill post-surgery patients likely to remain in the ICU for
at least 72 h, especially those following abdominal surgery,
and in association with acute renal failure, use of intravascular catheters, TPN, and broad-spectrum antibiotics, as a
high-risk group [380, 384]. Speciﬁc laboratory tests, such as
the beta-d-glucan assay, to help identify the patients at highest risk who may beneﬁt from antifungal prophylaxis are
currently under study. Candida surveillance cultures are currently not widely recommended but are utilized in some
medical centers. In summary, ﬂuconazole or echinocandin
prophylaxis should only be considered in the ICU setting for
high risk patients only in units in which the estimated risk of
invasive candidiasis exceeds 10% [60, 61].
In the neonatal ICU setting, it has been shown that prophylactic administration of ﬂuconazole during the ﬁrst
6 weeks of life is effective in preventing fungal colonization
and invasive candidiasis in infants with birth weights
<1,000 g [385]. A subsequent randomized multicenter trial
performed in nurseries with high rates of invasive candidiasis, conﬁrmed that ﬂuconazole prophylaxis, 3–6 mg/kg twice
weekly, in neonates <1,000 g reduced the rates of invasive
candidiasis [386]. Similar studies in older infants and children
are needed.
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Cryptococcosis
John W. Baddley and William E. Dismukes

Cryptococcosis is a systemic mycosis caused by the encapsulated
yeast Cryptococcus neoformans, an organism found in soil and
often associated with pigeon droppings. Infection involves
most frequently the lungs or central nervous system and, less
frequently, the blood, skin, skeletal system, and prostate.
Because the incidence of cryptococcosis is greatly increased in
immunocompromised patients, especially among patients with
AIDS or organ transplant recipients, cryptococcosis is considered an opportunistic fungal infection. Treatment of cryptococcosis is based on anatomic site of disease, severity of disease,
and the underlying immune status of the patient. Cryptococcal
meningitis is treated with induction therapy of amphotericin B
with or without ﬂucytosine, followed by a prolonged course of
ﬂuconazole. For pulmonary disease alone, ﬂuconazole is effective therapy in most patients. Chronic maintenance therapy
with ﬂuconazole may be required in HIV-infected patients or
transplant patients who remain immunosuppressed.

Organism
More than 40 species of the genus Cryptococcus have been
described, but few are recognized as causing infection in
humans [1]. The predominant pathogen is C. neoformans,
but two other species, C. albidus, and C. laurentii, have been
reported to rarely cause disease in humans [2–4].
Cryptococcus neoformans is a round or oval encapsulated
yeast, measuring approximately 4–6 Pm in diameter in clinical specimens, and having a capsule ranging in size from 1 to
>30 Pm. In specimens isolated from nature, organisms tend
to be smaller and poorly encapsulated [5].
Cryptococcus neoformans is grouped into serotypes A, B,
C, D, and AD hybrids based on antigenic determinates on the
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polysaccharide capsule, with serotype A most common.
Cryptococcus neoformans var. neoformans has included
serotypes A, D, and AD, and C. neoformans var. gattii
included serotypes B and C. It has been proposed to further
simplify the classiﬁcation of Cryptococcus into pathogenic
varieties: C. neoformans var. grubii and C. neoformans var.
neoformans. C. neoformans var. gattii has been reclassiﬁed
as C. gattii, a species distinct from C. neoformans [6]. The
C. neoformans varieties differ somewhat in epidemiology,
ecology, and certain biochemical properties. In contrast to
C. neoformans, C. gattii uncommonly infects AIDS patients,
is found primarily in tropical areas, and is able to assimilate
malate. The epidemiology of C. gattii is evolving with its
emergence in Vancouver, Canada and the Paciﬁc Northwest
United States since 1999 [7–9]. For a more detailed description of differences among pathogenic cryptococci , see these
two comprehensive references [10, 11].
The sexual, or perfect, state of C. neoformans, Filobasidiella
neoformans, a basidiomycete, can be demonstrated by mating the fungus under certain deﬁned conditions [12]. In this
perfect state, mycelia are produced which bear basidiospores
1–3 Pm in size. The perfect state has not yet been demonstrated in patients or in nature, so the importance of inhalation of basidiospores in disease acquisition is unknown.
C. neoformans produces white to cream-colored, smooth,
mucoid colonies when grown on solid culture media such as
blood agar or Sabouraud’s dextrose agar. The amount of
mucoidness of the colonies is related to the thickness of the
capsule. Growth of Cryptococcus usually occurs in 36–72 h
and is typically slower than that of Candida or Saccharomyces
species under the same conditions. C. neoformans grows at
37°C, whereas nonpathogenic species of Cryptococcus do
not. A distinguishing feature of C. neoformans is the ability
to produce melanin. On selective media supplemented with
niger seed (birdseed agar), smooth brown colonies are formed
after several days of incubation. Color reactions on solid
media are also useful to distinguish between C. neoformans
var. neoformans or grubii and C. gattii. For example, colonies
of C. gattii on canavanine-glycine-bromthymol blue (CGB)
agar turn the agar blue, while colonies of C. neoformans
do not elicit a color change [13].
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Epidemiology
C. neoformans is ubiquitous in the environment. The organism
was isolated initially in nature from peach juice in 1894 by
Francisco Sanefelice, and was ﬁrst isolated from soil by
Emmons in 1951 [14]. C. neoformans was isolated from
pigeon excrement in 1955, and has since been isolated from
multiple geographic sites worldwide, many of which are
contaminated by pigeon or other bird excrement. Pigeon
droppings are commonly colonized with C. neoformans, and
may contain greater than 106 organisms per gram of fecal
material. Pigeons do not appear to develop cryptococcal disease, perhaps due to the pigeon’s high body temperature
[15]. Although C. neoformans is isolated most frequently
from pigeon excreta and soil, it has been isolated less commonly from other sources, including fruits and vegetables,
decaying wood, dairy products, and excrement from a wide
variety of avian species [16].
In contrast to the numerous geographic sites of isolation
of C. neoformans, the isolation of C. gattii has been more
restricted [14]. C. gattii has been isolated from leaves, wood,
bark, and air associated with Eucalyptus camaldulensis (red
river gum) and few other types of trees, but has not been
isolated from bird droppings [16–18]. The distribution of
E. camaldulensis, in tropical and subtropical regions such
as Southern California, Australia, Southeast Asia, Central
Africa, and Brazil, corresponds to areas where cases of cryptococcosis due to C. gattii are recognized as endemic [14,
19]; however, infections caused by C. gattii occur in areas
without eucalyptus trees, suggesting an additional unidentiﬁed environmental source [20].
Because C. neoformans is isolated primarily from pigeon
droppings and soil, the assumption has been made that infection arises via aerosolized particles from pigeon excrement.
This hypothesis has been difﬁcult to conﬁrm, as most patients
who develop cryptococcosis do not recall a history of recent
exposure to pigeons or their excreta. Exposure to C. neoformans,
on the basis of serum antibody levels or skin testing, is common among pigeon handlers; however, the incidence of
active cryptococcal infections among this population does
not appear to be increased [21, 22]. No particular occupational predisposition to cryptococcosis is currently recognized, although data from population-based surveillance
suggest that outdoor occupations may be associated with an
increased risk of cryptococcosis [23]. Association with
pigeons, pigeon excrement, soil, or dust does not appear to
increase the likelihood of proven cryptococcosis [23].
In the majority of cases, infection with C. neoformans is
thought to be caused by inhalation of the organism, either in
yeast form or perhaps as basidiospores, from an environmental source such as bird droppings or soil. Evidence for this
mechanism of acquisition is supported by isolation of cryptococci measuring less than 4 Pm, ideal for alveolar deposition,
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from aerosols associated with soil and pigeon excreta [5, 24].
Unlike other mycoses transmitted by aerosolized particles,
outbreaks of cryptococcosis from a particular environmental
source rarely, if ever, occur [14, 25]. Although lung infection
can follow acute inhalation of Cryptococcus organisms, in
most cases disease occurs as a reactivation of dormant
infection.
C. neoformans has been isolated frequently from pulmonary and skin cultures of healthy, asymptomatic individuals,
but this fungal organism is not regarded as normal microbial
ﬂora in animals or humans [26, 27]. Rarely, skin infection
can occur after local inoculation, but in most cases, skin disease results from blood-borne dissemination after an initial
lung focus of infection. Person-to-person transmission via
inhalation of aerosols has not yet been documented, but in
several cases, other sources of presumed human-to-human
transmission have been described [28–31]. In one report, a
recipient of a corneal transplant from a donor with cryptococcosis developed cryptococcal endophthalmitis more than
2 months after transplantation [28]. In a second case, a
healthcare worker developed cryptococcal skin lesions at the
site of an inoculation of blood from a patient with cryptococcemia [29]. A more recent case was described in which the
recipient of a lung transplant developed cryptococcal left
lower lobe pneumonia 2 days after transplantation [30].
Endotracheal cultures from postoperative day 2 were positive for C. neoformans, although donor lung cultures were
positive only for Rhodotorula species; however, development of pulmonary cryptococcosis this early in the posttransplant period suggests transmission by the donor organ.
Evidence supporting zoonotic transmission of Cryptococcus
has been reported [32–34]. In one description, a clinical isolate from a renal transplant recipient with cryptococcal meningitis was indistinguishable on the basis of molecular
genotyping from an isolate present in the feces of the patient’s
pet cockatoo [32].
Cryptococcosis occurs in many patients without a recognized immunologic defect, but the large majority of patients
have a predisposing factor or underlying disease [5]. Evidence
is convincing that patients with defects in T cell–mediated
immunity are at increased risk of developing cryptococcal
infection. Predisposing conditions include AIDS, systemic
corticosteroids, organ transplantation, lymphoreticular
malignancies, diabetes mellitus, pregnancy, and sarcoidosis
independent of steroid use (Table 1) [10, 35–39]. With the
advent of newer immunosuppressive therapies, especially
TNF-D inhibitors and monoclonal antibodies such as alemtuzumab, cryptococcosis is emerging in other patient populations [40–43]. Prior to the AIDS epidemic, up to 50% of
patients with cryptococcosis had no recognized T cell
immune defect or dysfunction [44, 45]. In a recent observational study of 306 HIV-negative patients with cryptococcosis,
21% had no significant immune dysfunction or other

Cryptococcosis
Table 1 Underlying diseases associated with cryptococcosis
HIV
Corticosteroids
Organ transplantation
Malignancy
CD4 T-cell lymphopenia
Connective tissue disease
Renal failure
Cirrhosis
Chronic lung disease
Immunosuppressive agents (monoclonal antibodies, TNF-D inhibitors)
Diabetes mellitus
Pregnancy
Sarcoidosis
Sytemic lupus erythematosus
Rheumatoid arthritis

predisposing condition to cryptococcosis [35]. In contrast,
among patients with a predisposing condition, chronic organ
disease and glucocorticosteroid use were most common [35].
Idiopathic CD4 lymphocytopenia has also been associated
with cryptococcosis in patients with no other predisposing
conditions for cryptococcosis [46, 47].
Before the era of highly active antiretroviral therapy
(HAART), the prevalence of cryptococcosis among patients
with AIDS was estimated to be between 5% and 10% [48,
49] Data from four United States geographic areas, prior to
use of HAART, showed the annual incidence of cryptococcosis among patients with AIDS to range from 17 to 66 cases
per 1,000 persons [23]. In contrast, among non-HIV-infected
persons, the annual incidence ranged from 0.2 to 0.9 per
100,000 persons. In Europe, the prevalence of cryptococcosis
among AIDS patients is lower than that in the United States
[50, 51].
Although the widespread use of HAART has lowered the
incidence of cryptococcosis cases in medically developed
countries, the incidence and mortality rate of cryptococcosis
are still extremely high in areas in which there is limited
access to HAART and/or healthcare [50–55]. In Africa and
other developing areas, the prevalence of cryptococcosis in
patients with AIDS approaches 30% and is often an AIDSdeﬁning illness [56]. A recent study estimated that the global
burden of HIV-associated cryptococcosis approximates
1 million cases annually worldwide, resulting in more than
600,000 deaths per year by 3 months after infection [57].

Pathogenesis
Once C. neoformans is inhaled, transient colonization of the
airways occurs before subsequent spread and establishment
of respiratory infection. Given the widespread presence of
Cryptococcus in the environment, exposure is likely common.

209

However, the incidence of infection is very low, suggesting
that most people mount an appropriate host response when
exposed to the organism. Cryptococcus, after it enters the
body of a susceptible host, can produce latent infection or
acute disease. Development of disease appears to depend on
inoculum of inhaled organisms, virulence of the organism,
and interaction with the host’s cellular immune response. As
noted earlier, host defense, especially cell-mediated immunity, is fundamental to protection from cryptococcal infections and is important in containing infection and producing
granulomatous inﬂammation [58].
After inhalation of the organism, the ﬁrst line of defense
is the alveolar macrophage, followed by recruitment of other
inﬂammatory cells via chemokines and cytokines such as IL-12,
IL-18, and monocyte chemotactic protein-1 [39]. In addition,
complement-mediated phagocytosis appears to have an
important role in initial defense [59]. In vitro, alveolar macrophages are able to bind and phagocytize C. neoformans in
the presence of human serum containing opsonins such as
C3 [60]. Macrophages from patients with HIV infection tend
to be impaired or defective in both oxidative-dependent and
oxidative-independent killing of C. neoformans [61].
If initial defense mechanisms in alveoli are ineffective,
cryptococci reach the bloodstream and disseminate to other
organs, such as the central nervous system (CNS) or prostate.
In such sites, additional defense mechanisms are needed to
thwart progressive infection. In vitro and in animal models,
other cells, including neutrophils, natural-killer cells, macrophage-like microglial cells, and T cell lymphocytes can
kill or inhibit growth of cryptococci [62]. Cytokines, especially interleukin-2 and interferon-J, released by phagocytic
cells and lymphocytes, also appear to play an important role
in enhancing the killing of C. neoformans [10].
The role of humoral immunity in protection against
cryptococcal infections is controversial, but increasing
data indicate that this facet of the immune response may
play an important role. Antibodies to capsular constituents
facilitate clearance of cryptococcal antigen, enhancing
antibody-dependent cell-mediated killing and increasing
antifungal activity of leukocytes and natural killer cells
[63, 64]. In addition, an anti-beta-glucan monoclonal antibody has been shown to inhibit growth and capsule formation of C. neoformans [65].
Among several factors of virulence and pathogenicity for
C. neoformans and C. gattii, the best characterized include the
polysaccharide capsule, thermotolerance (ability to grow at
37°C), melanin pigment production, mannitol production, and
soluble extracellular constituents. Several in-depth reviews
are recommended for more detailed information about factors
of virulence, genetics, and pathogenicity [10, 66–68]. For a
particular C. neoformans isolate, virulence is attributed to
these different factors plus the interaction of the host’s immune
responses. Three of these factors will be discussed below.
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The polysaccharide capsule of C. neoformans is composed
of a backbone of D-1,3-d-mannopyranose units with single
residues of E-d-xylopyranosyl and E-d-glucuronopyranosyl,
and referred to as glucuronoxylomannan (GXM). The capsule
appears to be the key virulence factor for C. neoformans;
acapsular mutants are typically avirulent, whereas encapsulated isolates have varying degrees of virulence [69]. The
capsule may sometimes protect the organism from host
defenses. Phenotypic switching in Cryptococcus can occur
in vivo during chronic infection, allowing for changes in the
polysaccharide capsule and cell wall that affect the yeast’s
ability to resist phagocytosis [70]. Encapsulated C. neoformans cells are not phagocytized or killed by neutrophils,
monocytes, or macrophages to the same degree as acapsular
mutants [71]. In addition, highly encapsulated strains are less
able to stimulate T-cell proliferation, and do not enhance the
production of cytokines as well as poorly encapsulated or
acapsular strains [72, 73].
Melanin production also appears to be an important virulence factor of C. neoformans, based on in vitro and animal
in vivo systems. For example, the role of melanin was ﬁrst
demonstrated when naturally occurring C. neoformans
mutants lacking melanin were found to be less virulent in
mice than melanin-producing strains [74]. Melanin is deposited in the inner cell wall of C. neoformans, and may resist
oxidation or reactive nitrogen intermediates produced by
phagocytes [75].
Another virulence mechanism of Cryptococcus is its ability to survive within either alkaline or acidic environment of
the phagolysosome of phagocytic cells, or bloodstream,
thereby allowing it to survive and disseminate. Recent studies suggest glycosphingolipid glucosylceramide is essential
for fungal growth in extracellular environments [76, 77].
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basis of a positive respiratory tract culture without evidence
of pulmonary symptoms or abnormalities on chest radiography. Limited data suggest that patients with colonization
often have underlying pulmonary pathology, such as chronic
obstructive pulmonary disease [27]. The diagnosis of colonization, particularly in the immunocompromised patient,
must be interpreted with caution. Because of the propensity
of Cryptococcus for dissemination to the central nervous
system (CNS), a thorough evaluation for extrapulmonary
sites of cryptococcal involvement in the immunocompromised host is recommended [83].
The radiographic features of pulmonary cryptococcosis
are varied and inﬂuenced by the degree of immunosuppression of the patient. Findings may reveal lobar, patchy inﬁltrates (Fig. 1); single or multiple nodular lesions (Fig. 2);
interstitial inﬁltrates; mediastinal or hilar adenopathy

Fig. 1 CT showing severe bilateral cryptococcal lobar pneumonia and
prominent adenopathy in an AIDS patient

Clinical Manifestations
Pulmonary Infection
Pulmonary cryptococcal involvement can manifest in a variety
of ways, ranging from asymptomatic airway colonization or
infection to fulminant respiratory failure with acute respiratory distress syndrome (ARDS) [78, 79]. Most patients are
asymptomatic, or will have only mild-to-moderate symptoms such as dyspnea, cough, malaise, pleuritic chest pain,
night sweats or, rarely, hemoptysis [80–82]. Constitutional
symptoms, such as fever, night sweats, and weight loss are
less common in HIV-negative patients unless extrapulmonary
disease is also present [80].
In the immunologically normal host, a diagnosis of respiratory colonization with Cryptococcus can be made on the

Fig. 2 Well-circumscribed small mass/nodule in patient with underlying
systemic lupus erythematosus treated with corticosteroids

Cryptococcosis

(Fig. 3); circumscribed mass lesions (0.5–7 cm) (Fig. 4); or
less commonly, pleural effusions or cavitary lesions (Fig. 5)
[80, 84]. Radiographically, C. gattii infection manifests as
focal pulmonary disease and may be mistaken for malig-
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nancy [85, 86]. In HIV-negative patients, solitary or multiple
pulmonary nodules may be seen in 60–80% of patients [80,
83, 87]. Focal or multifocal airspace consolidation is the next
most common radiographic pattern among HIV-negative
patients and is present in 10–30% of cases [80, 83, 88]. In
contrast, in patients with AIDS, the most common radiographic abnormalities are diffuse, interstitial inﬁltrates, and
lobar, often mass-like, inﬁltrates [89, 90]. Pulmonary nodules are less common, but are more likely to cavitate than
nodules in patients without immune compromise.
Comparison of pulmonary cryptococcal infection in AIDS
patients versus HIV-negative patients reveals other important
distinctions. In AIDS patients, pulmonary disease plus other
sites of involvement are more common. These patients may
have a more rapid clinical course, often associated with
increased mortality [90, 91]. The majority of AIDS patients
with cryptococcal pneumonia have constitutional symptoms,
in part explained by increased frequency of concomitant
extrapulmonary sites of cryptococcal infection, for example,
dissemination to the CNS [90]. The ﬁnding of pulmonary

Fig. 3 Cryptococcal lung disease manifest as prominent bilateral hilar
adenopathy plus nodule in right upper lobe and patchy pneumonitis in
right lower lobe in immunocompetent host

Fig. 4 Large, well-circumscribed cryptococcal mass lesion in right
upper lobe of immunocompetent host. Mass was excised surgically

Fig. 5 (a) Cryptococcal lung disease manifest as several irregular
nodules. (b) Note cavitation of left lung nodule shown on CT scan
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cryptococcosis in an AIDS patient warrants thorough evaluation for CNS disease, even in the asymptomatic patient.

Central Nervous System Infection
The most common clinical manifestation of cryptococcosis is CNS infection, manifested typically as meningitis,
which can be subacute or chronic. The clinical presentation
and course of cryptococcal meningitis vary greatly and are
often related to the immune status or underlying condition
of the patient. In general, the signs and symptoms of cryptococcal meningitis among AIDS patients and HIVnegative patients are similar; however, in AIDS patients,
onset tends to be more acute, and the course more rapidly
progressive, perhaps explained by poor inﬂammatory
response and the high burden of organisms in these patients.
A wide range of symptoms and signs can be seen with
CNS cryptococcosis, but complaints are often mild or nonspeciﬁc and include headache, nausea and vomiting, and
malaise. In some instances, patients are even asymptomatic. Altered mental status, somnolence, and obtundation
may signify advanced disease and a poor prognosis [92].
Fever is typically low-grade, and is more likely to be present in HIV-infected patients [92, 93]. Unlike in bacterial
meningitis, meningismus is uncommon. Cranial nerve
dysfunction may occur in up to 30% of patients, and may
result from increased intracranial pressure, cryptococcal
invasion of cranial nerves, or brain parenchymal lesions
(cryptococcomas). The most common symptoms and signs
of cranial nerve involvement include decreased visual
acuity, blindness, diplopia, hearing loss, and facial weakness. Seizures, often a reﬂection of increased intracranial
pressure or focal mass lesions, tend to occur later in the
course of disease.
Increased intracranial pressure associated with cryptococcal meningitis, especially among patients with AIDS, is a
prominent ﬁnding. An opening CSF pressure of >250 mm
H2O is found in approximately half of patients with AIDS
[94–96]. In AIDS patients, high yeast burden is felt to be a
contributing factor to increased intracranial pressures [96].
Cryptococci may cause outﬂow obstruction by blocking passage of CSF across arachnoid villi. In addition, soluble cryptococcal capsular polysaccharide may accumulate in
arachnoid villi, leading to alterations in CSF drainage [94].
Consequently, routine assessment of suspected cryptococcal
meningitis should always include manometry. Imaging of
the brain is also important to evaluate for hydrocephalus and
potential mass lesions; MRI is more effective than CT imaging in identifying lesions [97, 98]. In a recent study evaluating neuroimaging ﬁndings in transplant patients with
cryptococcosis, outcomes tended to be worse in patients with
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parenchymal lesions when compared with meningitis or
hydrocephalus [99].
Among HIV-negative patients with C. gattii infection,
intracranial infection is associated with more complications, especially cerebral cryptococcomas, than in patients
with C. neoformans infection [86, 100]. In AIDS patients,
other causes of brain lesions, such as Toxoplasma gondii
and lymphoma, should be considered. Among AIDS
patients with cryptococcal meningitis and increased intracranial pressure, hydrocephalus is an uncommon ﬁnding
on brain imaging [101]. By contrast, in HIV-negative
patients with subacute or chronic cryptococcal meningitis,
the course is more likely complicated by hydrocephalus
caused by obstruction of ﬂow due to inﬂammation of the
basilar meninges [102]. However, normal ventricular size
in the setting of increased intracranial pressure is not
uncommon [103].
Prognostic factors for cryptococcal meningitis have been
well characterized in both HIV-negative and HIV-infected
patients [45, 92, 93, 104, 105]. Important prognostic factors
include the patient’s underlying disease or predisposing condition, the burden of organisms, titers of CSF cryptococcal
antigen, mental status at baseline, and the ability to mount an
inﬂammatory response in CSF [92]. For example, in AIDS
patients, fewer white blood cells on initial lumbar puncture
may signify poor prognosis [92]. Cryptococcal antigen
detection in the CSF may be of prognostic value in certain
patient populations. In HIV-negative patients with meningitis, a CSF cryptococcal antigen of t 1:8 at the conclusion of
t1 month of therapy correlated with likelihood of relapse
[45]. Likewise, in AIDS patients, higher titers of CSF cryptococcal antigen (> 1:1024) at baseline are predictive of
poorer outcomes [92]. In AIDS patients with meningitis,
serial measurement of cryptococcal antigen titers obtained
during acute therapy or prolonged suppression has little role
in management [106, 107].
Among treated patients with cryptococcal meningitis,
mortality rates vary from 5% to 25%, and most deaths occur
within the ﬁrst few weeks of illness [92–94, 108]. Data suggest that mortality in AIDS patients due to cryptococcosis
appears to be decreasing, but still remains a common outcome in resource-limited settings [57, 109].

Skin Infection
Cryptococcal skin lesions are seen in up to 15% of patients
with disseminated cryptococcosis, and are most common in
HIV patients [10]. Skin disease may manifest as a variety of
cutaneous lesions, including pustules, papules, purpura,
ulcers, cellulitis, superﬁcial granulomas or plaques, abscesses,
and sinus tracts [10, 39]. Cases of necrotizing cellulitis have
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also been described [110]. In AIDS patients, umbilicated
papules resembling molluscum contagiosum are present
frequently (Fig. 6) [111]. Cellulitis, characterized by prominent erythema and induration, is often present in patients
receiving systemic corticosteroids or other immunosuppressive therapy (Fig. 7) [112]. Cryptococcal skin lesions have
resulted rarely from local inoculation, predominately due to
laboratory accidents, but the majority of skin lesions result
from disseminated infection [113]. Primary cutaneous cryptococcosis appears to be a distinct entity [114].

Osteoarticular Infection
Cryptococcal lesions of the skeletal system are present in
fewer than 10% of patients with disseminated cryptococcosis
[115, 116]. Lesions often manifest with soft tissue swelling
and tenderness, but lack of symptoms is not uncommon.
A single skeletal site is involved most often, with vertebral
infection occurring most frequently [115]. On radiography,
well-circumscribed, osteolytic lesions, which may resemble
malignancy, are seen. Cryptococcal septic arthritis is rare,
and most often involves the knee joint [117].

Other Sites of Infection
Cryptococcal infection can involve many other sites and
organ systems. Because of the frequency of positive blood
cultures and disseminated disease, particularly in AIDS
patients, infection may involve virtually any organ. Not infrequently, cryptococcemia in the absence of a proven organ site
is discovered [118]. Additional nonmeningeal, extrapulmonary sites of involvement include the prostate, kidneys, muscle, liver, thyroid, sinuses, peritoneum, adrenals, esophagus,
heart and aorta, and eyes [39, 119–121]. The prostate gland
may also serve as a “sanctuary” for Cryptococcus pre- and
posttreatment [122, 123]. In one series of HIV-infected
patients treated successfully for cryptococcal meningitis,
cultures of urine were positive in 9 (22%) of 41 patients at
the end of therapy [123].
Fig. 6 Molluscum contagiosum–like umbilicated papules due to
cryptococcosis in the skin of an AIDS patient

Fig. 7 Cryptococcal cellulitis in a corticosteroid-treated lung transplant
patient

Immune Reconstitution Inﬂammatory
Syndrome
Immune reconstitution inﬂammatory syndrome (IRIS) has
become an important phenomenon in patients with AIDS
and cryptococcal meningitis and recently among transplant
recipients [124–127]. IRIS may occur following introduction
of HAART in the setting of AIDS with the restoration of
CD4 cells or decreasing immunosuppressive therapy in
transplant recipients with the reversal of a predominantly
Th2 to a Th1 proinﬂammatory response [128, 129]. Usually,
IRIS occurs in one of two scenarios: (1) after starting HAART
in patients with cryptococcosis or (2) as a paradoxical effect
in patients on HAART during cryptococcal treatment.
The incidence of IRIS is estimated to be between 4 and 16
cases per 100 person-years among AIDS patients [126] and
has a prevalence of 4.8% among solid organ transplant recipients [127]. In a recent prospective study evaluating IRIS
among 65 HIV patients with cryptococcal meningitis who
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started HAART after initiation of antifungal treatment, IRIS
developed in 11(17%) patients at a median of 29 days from
starting HAART [124]. Patients with IRIS had greater
immune responses with HAART (on the basis of T cell
recovery) than non-IRIS patients, and IRIS did not appear to
be associated with increased mortality rates [124]. Among
organ transplant recipients, IRIS has occurred more frequently in patients receiving potent immunosuppressive
therapy such as tacrolimus, mycophenolate mofetil, and
prednisone when compared with other less immunosuppressive regimens [127].
IRIS may occur within a few days to many months after
HAART administration [125]. IRIS typically manifests as
meningitis, cryptococcomas, lymphadenitis, or hydrocephalus. Often, symptoms can be confused as signs of treatment
failure or disease caused by other opportunistic infections. A
positive culture of blood, CSF, or tissue for C. neoformans,
obtained during evaluation for IRIS, excludes this diagnosis
and indicates active cryptococcal infection.
As of yet, there is no reliable way to establish the diagnosis of IRIS; however, risk factors for development of IRIS
among AIDS patients include previously unrecognized HIV
infection, CD4 cell count <7 cells/PL, fungemia, higher CSF
opening pressure, glucose and white blood cell counts, and
HAART initiation with 2 months of cryptococcosis diagnosis [125, 126]. Levels of CSF proinﬂammatory cytokines do
not appear to distinguish IRIS patients from those with cryptococcal meningitis alone [124].
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cryptococcal cell wall, Calcoﬂuor white staining may be useful, particularly if few yeast cells are present.
The presumptive diagnosis of cryptococcosis is frequently
made on examination of tissue sections. On routine hematoxylin and eosin staining, C. neoformans is difﬁcult to identify. However, Gomori-methenamine silver or periodic
acid-Schiff staining does allow identiﬁcation; the organism
can be recognized by its oval shape, and narrow-based budding. With the use of mucicarmine staining (Fig. 9), the
organism will stain rose to burgundy in color and help differentiate C. neoformans from other yeasts, especially
Blastomyces dermatiditis and Histoplasma capsulatum.
The diagnosis of cryptococcal meningitis is easier to
establish than the diagnosis of pulmonary cryptococcosis.
If cryptococcal meningitis is suspected, a lumbar puncture
should be performed. Abnormalities in CSF commonly
include elevated opening pressure, hypoglycorrhachia, elevated protein, and a lymphocytic pleocytosis. In AIDS
patients with cryptococcal meningitis, the CSF formula

Diagnosis
The diagnosis of cryptococcosis can be made by using several methods. A deﬁnitive diagnosis is made by culture and
identiﬁcation of the organism from a sterile site. Clinical
specimens can be examined with an India ink preparation, a
rapid test which is performed by mixing an equal amount of
CSF or other ﬂuid and nigrosin or Pelikan India ink on a
slide. After adding a coverslip and upon viewing, the polysaccharide capsule of Cryptococcus will exclude the ink particles and appear as a halo around the organism (Fig. 8). In
patients with cryptococcal meningitis, a positive India ink
preparation showing budding yeasts surrounded by a capsule
is a useful presumptive test for diagnosis. In AIDS patients
with cryptococcal meningitis, India ink preparation of CSF
will be positive in 60–80% of cases [92, 93], whereas in
HIV-negative patients the positivity rate is lower [35, 130].
Presumptive diagnosis of cryptococcosis can also be made
by wet preparations of clinical samples or with the use of
Gram stain. However, with these methods, the appearance of
cryptococci may be highly variable; therefore, culture should
be used for conﬁrmation. Although not speciﬁc for the

Fig. 8 India ink preparation showing Cryptococcus neoformans in
cerebrospinal ﬂuid. Note budding yeast form and distinct outline of cell
walls and surrounding capsules

Fig. 9 Mucicarmine stain of brain parenchyma showing numerous
densely packed encapsulated cryptococci. Note variable size of capsules
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may be normal or show only minimal abnormalities [92].
However, elevated opening pressure is common and may be
seen in 50–70% of AIDS patients [94, 96]. In AIDS patients,
lack of white blood cells in the CSF is not unusual and may
reﬂect decreased or absent inﬂammatory response; furthermore, few white blood cells in CSF is a poor prognostic
sign [92].
The detection of cryptococcal polysaccharide antigen in
CSF or serum is useful in patients with suspected cryptococcosis. After infection is established, cryptococcal polysaccharide becomes solubilized in ﬂuids and can be detected by
latex agglutination and quantiﬁed. Any positive cryptococcal
antigen titer in CSF should be correlated with clinical ﬁndings. A titer of t 1:4 strongly suggests cryptococcal infection, particularly in the immunocompromised patient. In
cryptococcal meningitis, antigen testing is highly sensitive
and speciﬁc, and may be particularly useful if CSF cultures
are negative. Cryptococcal antigen is found in CSF in >90%
and in serum in >70% of patients with cryptococcal meningitis. In AIDS patients with cryptococcal meningitis, sensitivity of the CSF antigen test is even greater (approaching
95–99%) and titers are often higher, up to106 [92, 93]. The
utility of antigen testing is limited in patients with pulmonary cryptococosis. Among HIV-negative patients with pulmonary cryptococcosis, serum cryptococcal antigen will be
positive in 25–56% of cases [35, 131].
With cryptococcal antigen testing, it is important to use
proper controls to eliminate errors in testing. The presence of
rheumatoid factor may cause a false-positive result when
serum is tested, as will the presence of polysaccharide from
Trichosporon asahii (beigelii) or use of inactivated pronase
for testing [132]. In addition, false-negative cryptococcal
antigen results, although rare, may be due to low numbers of
organisms invading the CSF, infection by poorly or nonencapsulated strains, high titers of antigen (prozone phenomenon), low titers of antigen, or immune complexes [10].
Either routine bacteriologic or fungal media will facilitate
culture of C. neoformans. Colonies are usually detected after
2–7 days of growth. In patients with AIDS and cryptococcal
meningitis, blood and CSF cultures will be positive in 55%
and 95%, respectively [92, 93]. In a recent study of HIVnegative patients with cryptococcal meningitis, CSF cultures
were positive in 89% of patients tested [35]. For blood cultures, the lysis-centrifugation (isolator) technique appears to
be the most sensitive method to identify C. neoformans
[133]. Use of canavanine-glycine-bromthymol blue (CGB)
agar will help to distinguish C. gattii from other Cryptococcus
species, as colonies of C. gattii will turn the agar blue, while
other species do not elicit a color change [13].
The methods of in vitro antifungal susceptibility testing
for C. neoformans against a variety of antifungal agents have
been standardized, although interpretive breakpoints for the
antifungal agents against C. neoformans have yet to be
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deﬁned [134]. Most C. neoformans isolates appear susceptible to available antifungal agents, including amphotericin B,
ﬂucytosine, ﬂuconazole, itraconazole, voriconazole, and
posaconazole [135–137]. However, the echinocandin class
of antifungals has poor activity against C. neoformans [138].
Several reports indicate the potential for microbiologic resistance to ﬂuconazole and clinical failure among patients with
cryptococcosis [124, 139–141]. Susceptibility testing should
be reserved for patients who have failed primary therapy, for
those who relapse after apparently successful primary therapy, and for those who develop cryptococcosis with a history
of recent exposure to an azole agent.

Treatment
The treatment of cryptococcosis is decided on the basis of
sites of involvement and the underlying immunologic status
of the patient. The treatment recommendations and references herein are closely aligned with recent consensus guidelines from the Infectious Diseases Society of America [142].
Please refer to these guidelines for more information. For
patients with pulmonary disease, the aims of therapy are to
eradicate disease and to prevent dissemination to the CNS.
For patients with CNS disease, the aims of therapy are to
eradicate or control the infection, adequately manage
elevated intracranial pressure, and prevent long-term neurologic sequelae. Prior to 1950, before the availability of
amphotericin B, surgical intervention for pulmonary disease
was the only therapeutic option available, and cryptococcosis was associated with high mortality rates.
With the availability of amphotericin B in the 1950s and
its use as a single agent for cryptococcosis, outcomes were
signiﬁcantly improved, but adverse reactions to amphotericin B were frequently encountered. Flucytosine was found to
be an effective drug in vitro for cryptococcosis, and became
available for clinical use in 1972 [143]. It was used with
moderate success for cryptococcal meningitis and pneumonia; however, single-drug therapy with ﬂucytosine led to
rapid emergence of resistance, and ﬂucytosine use as a single
agent has, for the most part, been abandoned [143].
Combination therapy with amphotericin B and ﬂucytosine,
ﬁrst employed in a large clinical trial in 1979, resulted in
treatment success in 60–85% of patients [45, 130]. In addition, the availability of the triazoles in the early 1990s led to
simpliﬁcation of the primary regimen for cryptococcal meningitis, utilizing, for example, shorter courses of combination amphotericin B and ﬂucytosine followed by prolonged
oral therapy with azoles, primarily ﬂuconazole, and good
efﬁcacy [92, 93]. Recently, studies of another combination
therapy, amphotericin B and ﬂuconazole, have shown encouraging results [144, 145].
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Treatment of the HIV-Negative Patient
Pulmonary Infection
The presentation of pulmonary cryptococcosis in the HIVnegative patient can vary widely, ranging from colonization, to asymptomatic disease, to fulminant pneumonia or
ARDS [81]. Treatment data from clinical trials among
HIV-negative patients with pulmonary infection are limited, and questions remain about which populations require
therapy and the optimal dosage and duration of therapy
(Table 2) [35, 146, 149]. The only prospective data concerning the treatment of pulmonary cryptococcosis are
available from trials involving CNS infections among HIVnegative patients, where resolution of pulmonary disease
was not a trial end point [45, 130]. Although few studies,
particularly in the era of effective azole therapy, have
addressed risk factors for CNS dissemination among
patients with pulmonary cryptococcal infection, most
authorities recommend lumbar puncture in immunocompromised patients and those with systemic symptoms [81,
83, 142]. A recent study of 166 HIV-negative patients with
pulmonary disease identiﬁed high-dose corticosteroids,
weight loss, headache, and altered mental status as baseline predictors of meningitis [83].
In patients with normal immunologic function and colonization (deﬁned as positive respiratory tract cultures with negative chest radiograph and absence of symptoms), observation
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is recommended. Immunocompetent patients with an
abnormal chest radiograph and asymptomatic disease or
mild disease often have done well without therapy, as was
common prior to the availability of oral azole antifungals
[81, 147, 156]. However, with the availability of oral azole
therapy, most immunocompetent patients with pulmonary
disease are treated [82].
In contrast, all patients with immune compromise and
colonization should receive therapy. If a decision to treat is
made, oral ﬂuconazole at a dosage of 400 mg/day for 6–12
months is recommended [146, 148, 149]. In HIV-negative
patients with immunocompromising conditions and asymptomatic or mild-to-moderate disease, treatment should be
initiated both to prevent CNS dissemination as well as to
eradicate symptoms [81, 131]. Fluconazole at a dosage of
400 mg daily is a suitable regimen and is associated with
improvement in >80% of cases [35, 146, 149]. Therapy
should continue beyond resolution of symptoms and chest
radiographic abnormalities. Most experts recommend therapy for 6–12 months’ duration [142, 146, 149].
The optimal length of therapy has not yet been determined
from clinical trials, but factors to be considered include resolution of symptoms and radiographic ﬁndings, persistent
immunosuppression, underlying disease, and duration of elevated serum cryptococcal antigen titer. Itraconazole, 200–400
mg daily; voriconazole, 200 mg twice daily; or posaconazole,
400 mg twice daily can be used as alternatives if ﬂuconazole
is unavailable or contraindicated [151, 152]. However, there

Table 2 Treatment of cryptococcal Infection in the HIV-negative patient
Pulmonary disease
A. Colonizationa
1. Observation in the immunocompetent patient
2. Fluconazole 400 mg daily for 6–12 months
B. Asymptomatic or minimally symptomatic disease
1. Fluconazole 200–400 mg/day for 6–12 months [35, 146–148]
Alternative: Close observation without therapy is a consideration
C. Mild-to-moderate disease
1. Fluconazole 200–400 mg/day for 6–12 months [35, 146–149]
Alternative: (1) Itraconazole 200–400 mg/day for 6–12 months [150]
(2) Voriconazole 200 mg twice daily or posaconazole 400 mg twice daily for 6–12 months [151, 152]
D. Severe or progressive disease, or azole drug not an option
Amphotericin B 0.5–1.0 mg/kg/day for a total dose of 1–2 g. This may be followed by oral ﬂuconazole in selected patients [35, 81, 146]
Alternative: (1) Regimens similar to those used for CNS disease, as described below
(2) Surgical resection in selected cases refractory to therapy
CNS disease
Amphotericin B 0.5–1.0 mg/kg/day plus ﬂucytosine 100 mg/kg/day for 2–4 weeks followed by ﬂuconazole 400 mg/day, for 8–10 weeks
[93]
Amphotericin B, 0.5–1.0 mg/kg/day plus ﬂucytosine 100 mg/kg/day for 6–10 weeks [45, 130]
Note: Lipid formulations of amphotericin B (liposomal AmB 3–6 mg/kg/day or ABLC 5 mg/kg/day) may be substituted in patients with
intolerance to amphotericin B deoxycholate) [153–155]
Adjunctive therapy: see text
Maintenance therapy
Fluconazole 200 mg/day for at least 6 months should be considered for patients with persistent immunosuppression, i.e., transplant
recipients [129]
a
Colonization is deﬁned as a positive respiratory tract culture without signs or symptoms of pulmonary disease or radiographic abnormalities
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are few data examining these drugs for the treatment of
pulmonary cryptococcosis, much of which evaluates use after
treatment failure or drug intolerance.
For HIV-negative patients with severe pulmonary disease
or progressive disease, or for whom azole therapy is not an
option, most experts would recommend an amphotericin B
formulation, with or without ﬂucytosine, as initial therapy
for 2–6 weeks, followed by ﬂuconazole [142]. For organ
transplant recipients, given the risk of nephrotoxicity associated with concurrent AmB and calcineurin inhibitors, lipid
formulations of AmB as induction therapy are preferable for
severe non-CNS disease [129].
The role of surgery in patients with pulmonary cryptococcosis is limited [35, 131, 147]. Surgical intervention for pulmonary cryptococcosis may be required for removal of large
mass lesions or areas of persistent focal radiographic abnormalities that are refractory to antifungal therapy.

CNS Infection
Early studies among HIV-negative patients with CNS cryptococcosis were important in deﬁning the efﬁcacy of combination therapy with amphotericin B and ﬂucytosine and
duration of therapy among immunocompromised patients
[45, 130]. In the ﬁrst prospective study of cryptococcal meningitis in 50 HIV-negative patients, combination therapy with
low-dose amphotericin B (0.3 mg/kg/day) plus high-dose
ﬂucytosine (150 mg/kg/day) given for 6 weeks was compared to amphotericin B therapy alone (0.4 mg/kg/day) given
for 10 weeks [130]. Combination therapy resulted in higher
rates of cure and improvement, fewer relapses, and more
rapid sterilization of CSF (P < .001). Adverse reactions to
ﬂucytosine occurred in 11 (32%) of 34 patients, necessitating discontinuation of ﬂucytosine in 6. While the authors
concluded that combination therapy was superior to amphotericin B alone, concerns were expressed about the low dosage
of amphotericin B and high dosage of ﬂucytosine used in the
two arms of the study.
The next prospective study attempted to better address
duration of therapy among HIV-negative patients with cryptococcal meningitis by comparing combination therapy with
amphotericin B (0.3 mg/kg/day) and ﬂucytosine (150 mg/kg/
day) for 4 versus 6 weeks [45]. Note that the treatment regimens employed here were similar to those used in the initial
trial [130]. In the second study, 91 patients were randomized
to receive either 4 (45 patients) or 6 (46 patients) weeks of
therapy. Among randomized patients treated for 4 weeks, cure
or improvement was noted in 75%, compared with 85% cure
or improvement among patients treated for 6 weeks. Patients
who received 4 weeks of therapy had a higher relapse rate
(27%) when compared with patients who received 6 weeks of
therapy (16%). Toxicities of the regimens in both groups were
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similar and were most often azotemia, leukopenia, and diarrhea.
Among 23 nonrandomized transplant recipients who were
protocol-adherent, 16 (70%) of 23 were cured or improved,
but 7 (30%) relapsed. From this study, signiﬁcant baseline
predictors of a favorable response included headache, normal
mental status, and a CSF white cell count above 20/mm3. The
authors concluded that important considerations in determining duration of therapy should include the patient’s underlying disease and immune status and severity of meningitis.
Few other studies are available which address treatment
of cryptococcal CNS disease in HIV-negative patients, and
none have been randomized or controlled [35, 146]. Dromer
and colleagues reviewed retrospectively 83 cases of meningeal and extrameningeal cryptococcosis in HIV-negative
French patients, with emphasis on the comparison of efﬁcacy of amphotericin B and ﬂuconazole [146]. Patients with
more severe infections, such as meningitis, or those with
higher CSF cryptococcal antigen titers, were more likely to
receive amphotericin B. However, a subgroup of 25 patients
received ﬂuconazole alone for cryptococcal meningitis; 68%
were cured with this regimen. A more recent retrospective
study by Pappas and colleagues reported ﬁndings in 306
patients from 15 US medical centers [35]. As in the Dromer
study, patients with CNS disease were more likely to receive
amphotericin B, alone or in combination. The most common
regimen employed was induction therapy with amphotericin B
and ﬂucytosine, followed by consolidation therapy with
ﬂuconazole as described for HIV-infected patients. Of 107
patients who received induction therapy with amphotericin B
and ﬂucytosine, 90 (84%) were cured or improved. In this
study, only 8 of 154 patients with meningitis were treated
with ﬂuconazole alone; 7 were cured or improved.
Many of the treatment recommendations for HIV-negative
patients with CNS cryptococcal disease have been extrapolated from results of more recent studies in HIV-infected
patients [92, 93, 153, 154]. Speciﬁc issues addressed by
these studies include use of higher doses of amphotericin B
(0.5–1.0 mg/kg/day) [92, 93, 155]; substitution of lipid
amphotericin B formulations in patients with renal insufﬁciency [153–155]; and treatment with an “induction” regimen of amphotericin B plus ﬂucytosine for 2 weeks followed
by a “consolidation” regimen with ﬂuconazole for an additional 8–12 weeks [93]. For details on these studies, see the
section on treatment of CNS disease in HIV-infected patients.
For organ transplant recipients, given the risk of nephrotoxicity associated toxicity with concurrent AmB and calcineurin inhibitors, lipid formulations of AmB as induction therapy
are preferable for CNS and severe non-CNS disease [129].
The authors favor the “induction/consolidation” approach
for the treatment of cryptococcal meningitis in HIV-negative
patients, especially for organ transplant recipients [93, 142].
For CNS infections caused by C. gattii, treatment recommendations are similar for those patients with CNS infection
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secondary to C. neoformans. However, because of the
frequency of cerebral cryptococcomas in patients with C.
gattii, management is best guided by imaging studies.

Other Sites of Infection
HIV-negative patients present infrequently with cryptococcal
disease at other sites in the absence of pulmonary or CNS
infection. Other infections may include skin lesions,
abscesses, cryptococcemia, or positive urine cultures. Among
solid organ transplant patients, it has been observed that those
who received tacrolimus were less likely to have central nervous system involvement and more likely to have skin, softtissue, or osteoarticular involvement when compared to
patients receiving non tacrolimus-based immunosuppression
[157]. In HIV-negative patients, few studies address treatment for these entities [35]. For the majority of patients, treatment is recommended; however, no preferred regimen has
been identiﬁed. In a retrospective review of 40 HIV-negative
patients with cryptococcal disease at non-CNS and nonpulmonary sites, 36 (90%) received antifungal therapy, and 25
(63%) were successfully treated [35]. Multiple regimens were
used: 20 evaluable patients received amphotericin B alone or
in combination with ﬂucytosine or ﬂuconazole, and 12 (60%)
of these 20 were cured or improved; 12 other patients received
ﬂuconazole alone and all were cured or improved.
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disease by other pathogens. Because HIV-related cryptococcal
pneumonia is associated frequently with dissemination, a systematic evaluation with blood and CSF cultures and CSF and
serum cryptococcal antigen testing is recommended in HIVinfected patients with a positive respiratory tract culture for
Cryptococcus [142]. Because there have been no controlled
trials that evaluate the treatment of pulmonary cryptococcal
infection in HIV-infected patients, the treatment of choice and
duration of therapy have yet to be elucidated (Table 3).
HIV-infected patients who are asymptomatic, or have
mild-to-moderate symptoms with positive respiratory tract
cultures, may be good candidates for therapy with oral
ﬂuconazole, 200–400 mg daily. Itraconazole, 200–400 mg
daily, may be used as a second-line oral therapy [150]. For
patients with severe or progressive pulmonary disease, or for
patients who cannot tolerate azole therapy, treatment should
be similar to recommendations for CNS disease, as described
below, and in Table 3.
Length of therapy for cryptococcal pneumonia should be
6–12 months. For HIV-infected patients on HAART with
CD4 count >100 cells/PL and decreasing or stable cryptococcal antigen titers (d 1:512), discontinuation of maintenance therapy can be considered [166]. For a detailed
discussion of this topic, see the section on maintenance therapy under treatment of the HIV-infected patient with CNS
infection.

CNS Infection
Maintenance Therapy
Although no prospective studies have addressed the use of
maintenance or suppressive therapy for HIV-negative patients
who have been successfully treated for cryptococcal disease,
many experts recommend 6–12 months of additional maintenance therapy with oral ﬂuconazole, 200 mg/day, for selected
patients who remain persistently immunocompromised after
initial treatment. Among solid organ transplant recipients, the
relapse rate of cryptococcosis after 6 months of maintenance
therapy is minimal [129]. A recent observation noted that cryptococcal CNS parenchymal lesions may persist radiographically for months or years after completion of therapy, and do
not necessarily signify relapse or recurrence of disease [158].

Treatment of the HIV-infected Patient
Pulmonary Infection
The diagnosis of cryptococcal pneumonia in HIV-infected
patients is difﬁcult, as the clinical signs and symptoms and
radiographic ﬁndings can often be nonpeciﬁc and mimic

Many important trials focusing on the treatment of cryptococcal meningitis have been conducted in the HIV-infected
population during the last two decades. These studies have
demonstrated the efﬁcacy of higher doses of amphotericin B
used as primary induction therapy, the safety and efﬁcacy of
oral azole antifungal drugs in the treatment of CNS disease,
and the importance of adequate management of elevated
intracranial pressure associated with cryptococcal meningitis.
The principle of rapid fungicidal activity should be the focus
of the induction strategy, and a sterile CSF culture at 2 weeks,
associated with a favorable outcome, as in previous studies,
should be a goal [93, 169].
Based on success rates of 75–85% in earlier studies of
combination therapy with amphotericin B and ﬂucytosine
among HIV-negative patients with cryptococcal meningitis
[45, 130], AIDS patients with CNS disease were treated initially with combination therapy for prolonged periods.
However, early reports during the late 1980s suggested that
use of ﬂucytosine in HIV-infected patients was frequently
associated with cytopenias, and offered no survival beneﬁt or
improvement in relapse rate when compared to single therapy
with amphotericin B [170]. Because of concerns for ﬂucytosine toxicity, decreased success rates, and the evolving
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Table 3 Treatment of cryptococcal infection in the HIV-infected patient
Pulmonary disease
A. Asymptomatic or mild-to-moderate disease
Fluconazole 400 mg/day for 6–12 months depending on immune reconstitutiona [88, 91, 148]
Alternatives: Itraconazole 400 mg/day 6–12 months depending on immune reconstitutiona [150]
Fluconazole 400 mg/day plus ﬂucytosine 100 mg/kg/day for 10 weeks [159]
B. Severe, progressive disease
Regimens similar to those for CNS disease (see below)
CNS disease
Amphotericin B 0.7–1.0 mg/kg/day plus ﬂucytosine 100 mg/kg/day for 2 weeks followed by ﬂuconazole 400 mg/day for 8–12 weeks [92, 93]
Alternative: Itraconazole 400 mg/day may be substituted for ﬂuconazole
Amphotericin B 0.7–1.0 mg/kg/day for 4–6 weeks [92]
Amphotericin B 0.7 mg/kg/day plus ﬂuconazole 800 mg/day for t8 weeks [145]
Note: Lipid formulations of amphotericin B (liposomal AmB 3–6 mg/kg/day or ABLC 5 mg/kg/day) may be substituted in patients with
intolerance to amphotericin B deoxycholate) [153–155]
Fluconazole 400 mg/day plus ﬂucytosine 100 mg/kg/day for 10 weeks [159, 160]
Fluconazole 800–1200 mg/day for 10–12 weeks [161, 162]
Itraconazole 200 mg/day for 10–12 weeks [150, 163]
Maintenance therapya
Fluconazole 200 mg/day [106, 164, 165]
Alternatives: Amphotericin B 1 mg/kg/week [106]
Itraconazole 200–400 mg/day [165]
a
Lifelong maintenance therapy may be discontinued in selected patients who achieve immune reconstitution with highly active antiretroviral
therapy [166–168]

availability of the potent oral azoles ﬂuconazole and itraconazole, subsequent studies evaluated novel regimens for primary therapy of CNS cryptococcal disease [92, 163, 171].
In a small study in the late 1980s of 21 patients with AIDS
and cryptococcal meningitis, Larsen and colleagues compared combination therapy with amphotericin B (0.7–1.0
mg/kg/day) plus ﬂucytosine (150 mg/kg/day) to ﬂuconazole
(400 mg/day) alone [171]. Clinical and mycologic failure
was more common in patients who received ﬂuconazole,
particularly in patients with severe disease. In fact, the study
was discontinued prematurely because of the higher mortality rate in ﬂuconazole-treated patients. An important ﬁnding
in this study was the successful treatment in all six patients
who received higher doses of amphotericin B as part of the
combination regimen. In a second small study of 28 patients
with presumed cryptococcal meningitis by De Gans and colleagues, reported in 1992, itraconazole, 200 mg twice daily,
was compared to combination therapy with amphotericin B
(0.3 mg/kg/day) plus ﬂucytosine (150 mg/kg/day), both
administered for 6 weeks [163]. Among patients who
received itraconazole, 5 (42%) of 12 achieved a complete
response, compared with all 10 patients who received amphotericin B plus ﬂucytosine.
In contrast to these two small trials, two large sequential
trials were conducted jointly by the National Institute of
Allergy and Infectious Diseases (NIAID) Mycoses Study
Group (MSG) and the NIAID AIDS Clinical Trials Group
(ACTG) in the 1990s. The initial trial compared amphotericin B (0.3 mg/kg/day) with ﬂuconazole (200 mg/day) in the
treatment of AIDS-associated cryptococcal meningitis [92].

Flucytosine as combination therapy with amphotericin B
was optional, and was utilized in only nine patients. Treatment
was successful in 34% of 131 ﬂuconazole recipients, compared with 40% of 63 amphotericin B recipients. The mortality rate was similar in both groups: 18% in patients who
received ﬂuconazole versus 14% in patients who received
amphotericin B (P = .48). However, the mortality rate during
the ﬁrst 2 weeks was higher among patients receiving ﬂuconazole, and conversion of CSF cultures to negative was less
rapid in ﬂuconazole-treated patients. While this study showed
no signiﬁcant difference between the two arms, the results
emphasized the need for a more effective primary regimen
for the treatment of cryptococcal meningitis.
The second joint study was conducted to evaluate higher
doses of amphotericin B, lower doses of ﬂucytosine, and the
safety and efﬁcacy of oral azoles in the treatment of AIDSassociated CNS cryptococcosis [93]. Patients were randomized to receive 2 weeks of induction therapy with combination
amphotericin B (0.7 mg/kg/day) plus ﬂucytosine (100 mg/
kg/day) (202 patients) or amphotericin B alone (0.7 mg/kg/
day) (179 patients). At the end of 2 weeks of therapy, if entry
criteria were met, patients were again randomized to receive
8 weeks of consolidation treatment with oral ﬂuconazole,
400 mg/day, or oral itraconazole, 400 mg/day. At the end of
2 weeks, CSF cultures for C. neoformans were negative in
60% of patients who received combination amphotericin B
and ﬂucytosine, compared with 51% of amphotericin B alone
treated patients (P = 0.06). However, clinical outcomes at
2 weeks did not differ signiﬁcantly between the two groups.
At the end of the 10-week induction and consolidation
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treatment period, clinical responses were also similar
between the two groups, with 68% of ﬂuconazole-treated
patients responding, compared with 70% response among
itraconazole-treated patients. Negative CSF cultures were
observed in 72% of patients who received ﬂuconazole, compared with 60% of patients who received itraconazole. The
addition of ﬂucytosine in the ﬁrst 2 weeks and treatment with
ﬂuconazole over the next 8 weeks were independently associated with CSF sterilization. The use of higher-dose amphotericin B plus lower-dose ﬂucytosine was associated with
more effective CSF sterilization and decreased mortality at 2
weeks when compared with previous studies of combination
therapy. Fluconazole and itraconazole were both effective as
consolidation therapy, although ﬂuconazole appeared to lead
to more rapid CSF sterilization. This trial established the
concept of “induction” and “consolidation” therapy as an
attractive and effective treatment regimen for CNS
cryptococcosis.
Additional evidence supporting the efﬁcacy of amphotericin B plus ﬂucytosine as induction therapy treatment was
obtained from a randomized trial that evaluated four different antifungal regimens. Sixty-four AIDS patients with ﬁrst
episode cryptococcal meningitis were randomized to receive
primary therapy with amphotericin B (0.7 mg/kg daily),
amphotericin B (0.7 mg/kg plus ﬂucytosine 100 mg/kg
daily), amphotericin B (0.7 mg/kg plus ﬂuconazole 400 mg
daily), or a triple-drug regimen consisting of amphotericin B,
ﬂucytosine, and ﬂuconazole at the above doses [172]. The
primary end point of this study was the rate of reduction in
CSF cryptococcal colony-forming units from serial quantitative CSF cultures obtained on days 3, 7, and 14 of treatment.
Amphotericin B plus ﬂucytosine achieved clearance of cryptococci from CSF signiﬁcantly faster than amphotericin B
alone, amphotericin B plus ﬂuconazole, and triple-drug therapy. Logistic regression analysis demonstrated that cerebral
dysfunction and high counts of C. neoformans per milliliter
of CSF at baseline were independently associated with early
mortality.
A recent cohort study with 208 HIV-positive and -negative patients with cryptococcal meningitis also showed the
success of amphotericin B plus ﬂucytosine therapy for 14
days over any other induction regimen among patients with
severe cryptococcosis [173]. The risk of failure was 26% in
the combination group, compared with 56% with other treatments (P < 0.001). Less than 14 days of ﬂucytosine was also
independently associated with treatment failure at 3 months
in 168 cases of cryptococcosis [173]. A third trial evaluated
amphotericin B (0.7 mg/kg/day vs 1.0 mg/kg/day) combined
with ﬂucytosine; the regimen utilizing higher-dose amphotericin B was more fungicidal with manageable toxicity, but
there was no difference in 2- and 10-week mortality [108].
For HIV-infected patients with cryptococcal meningitis
and renal insufﬁciency, lipid formulations of amphotericin
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B may be substituted. Clinical experience suggests that
combination therapy with lipid formulations of amphotericin B is effective; however, only a few trials have evaluated
these formulations [153–155, 174]. The optimal dosages of
lipid formulations of amphotericin B have not yet been determined. Response rates of 66–86% were seen in patients
receiving amphotericin B lipid complex [153, 174], and in
80% of patients receiving liposomal amphotericin B at a
dose of 4 mg/kg/day [155]. An additional study with liposomal amphotericin B showed clinical response in 18 (78%)
of 23 patients [154].
Although less well studied, other therapeutic options for
CNS cryptococcal disease in HIV-infected patients have
been employed, but are considered second-line options to the
induction/consolidation options above. In a very recent study
of 143 randomized patients, the combination use of amphotericin B (0.7 mg/kg/day) plus ﬂuconazole (800 mg/day)
demonstrated satisfactory outcomes compared to amphotericin B alone and may be a reasonable approach to therapy in
settings where ﬂucytosine is not available or contraindicated
[145]. In this phase II study, the 14-day end point of success
in the amphotericin B alone, amphotericin B plus ﬂuconazole 400 mg/day (6 mg/kg), and amphotericin B plus ﬂuconazole 800 mg/day (12 mg/kg) was 41%, 27%, and 54%,
respectively. If this combination is used, the higher ﬂuconazole dose is recommended. Combination therapy with ﬂuconazole and ﬂucytosine appears more effective than
ﬂuconazole alone, but is also more toxic [159, 160]. Primary
therapy with either ﬂuconazole or itraconazole alone administered for 10–12 weeks has also been evaluated in several
trials, with variable responses [92, 150, 161–163]. If ﬂuconazole is used alone, then higher daily doses should be administered. Notably, low success rates at 800 mg/day have been
substantially improved with 1,200–2,000 mg/day [175].
When using higher daily doses of ﬂuconazole, divided doses
are recommended to minimize gastrointestinal toxicity.

Maintenance Therapy
After initial successful treatment of cryptococcal meningitis
in AIDS patients, high relapse rates have been demonstrated
in patients who did not receive lifelong suppressive or chronic
maintenance therapy [164]. A placebo-controlled trial evaluated the effectiveness of ﬂuconazole as maintenance therapy
for AIDS patients who received successful therapy for cryptococccal meningitis with amphotericin B with or without
ﬂucytosine [164]. Relapse occurred in 15% of patients in the
placebo group, compared with 0% in ﬂuconazole-treated
patients, thereby establishing the need for maintenance
therapy in this population.
Subsequently, a randomized comparative trial conducted
by the NIAID-MSG and NIAID-ACTG demonstrated the
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superior efﬁcacy of oral ﬂuconazole (200 mg daily) to
intravenous amphotericin B (1 mg/kg weekly) for maintenance therapy [106]. Relapses of symptomatic cryptococcal
disease were seen in 18% and 2% of patients receiving
amphotericin B and ﬂuconazole, respectively (P < .001). In
addition, patients receiving amphotericin B had more
frequent adverse events and associated bacterial infections.
The NIAID-MSG and NIAID-ACTG conducted another
trial comparing oral ﬂuconazole (200 mg daily) with oral
itraconazole (200 mg daily) for 12 months as maintenance
therapy for CNS cryptococcal disease [165]. Fluconazole
proved to be superior; the trial was terminated prematurely
after interim analysis revealed that 23% of itraconazoletreated patients relapsed, compared with only 4% of ﬂuconazole-treated patients (P = .006). Furthermore, the trial
showed that risk of relapse was increased if the patient had
not received ﬂucytosine during the initial 2 weeks of primary
therapy for cryptococcal meningitis (P = .04). These studies
established ﬂuconazole as the drug of choice for maintenance
of cryptococcal disease in HIV-infected patients.
Until recently, maintenance or lifelong suppressive therapy has been recommended for all AIDS patients after successful completion of therapy for acute cryptococcosis [166].
Studies suggest that risk of recurrence of cryptococcosis in
AIDS patients is low, provided patients have successfully
completed primary therapy for cryptococcosis, are free of
symptoms of cryptococcosis, and have achieved immune
reconstitution with HAART therapy [167, 168, 176]. For
example, a prospective, multicenter trial conducted among 42
AIDS patients in Thailand randomized patients to continue or
discontinue maintenance ﬂuconazole therapy when the CD4
cell count had increased to >100 cells/PL and an undetectable
HIV RNA level had been sustained for 3 months [168]. At a
median of 48 weeks of observation, there were no episodes of
relapse of cryptococcal meningitis in either group.
A second retrospective multicenter study was conducted
among 100 patients with AIDS living in six different countries [167]. Inclusion criteria were a proven diagnosis of
cryptococcal meningoencephalitis, a CD4 cell count of >100
cells/PL while receiving HAART, and the subsequent discontinuation of maintenance antifungal therapy. No relapse
or death occurred during a median period of 26.1 months
when patients were receiving both HAART and maintenance
therapy for cryptococcal meningitis. After discontinuation of
maintenance therapy, four relapses occurred (incidence 1.53
cases per 100 person-years) during a median period of observation of 28.4 months. This illustrates that careful follow-up
of patients who discontinue maintenance therapy is
necessary.
Collectively, these results indicate that maintenance therapy for cryptococcal meningitis may be safely discontinued
in most patients (1) responding to HAART with a CD4 cell
count >100/PL and an undetectable or low HIV RNA level

sustained for t3 months and (2) receiving at least 1 year of
antifungal drug exposure with close patient follow-ups and
serial cryptococcal serum antigen tests. Reinstitution of
ﬂuconazole maintenance therapy should be considered if
CD4 count drops below 100/PL and/or serum cryptococcal
antigen titer rise. Some authorities recommend a lumbar
puncture to conﬁrm CSF sterility prior to discontinuation of
maintenance therapy.
The decision of when to initiate HAART in the treatment
of coinfection with Cryptococcus and HIV to avoid IRIS
remains uncertain. Recent studies suggest earlier initiation of
HAART within 2 weeks may be possible without triggering
an unacceptable increase in the frequency or severity of IRIS
[177]. In some clinical settings, long delays in HAART can
place patients at risk for dying of other complications of HIV
infection. It is also important to anticipate complications of
drug interactions with HAART and antifungal drugs.

Adjunctive Therapy
As mentioned previously, elevated intracranial pressure is a
common ﬁnding in cryptococcal meningoencephalitis, especially among patients with AIDS. Furthermore, a very high
opening pressure at baseline may be associated with more
frequent headaches and meningismus, pathologic reﬂexes,
early death, and overall increased mortality rates [94]. The
treatment of persistent elevated intracranial pressure is aimed
at reducing CSF volume, either by repeated lumbar puncture
or lumbar or ventricular drainage. If intracranial pressures
cannot be adequately reduced with frequent lumbar punctures, lumbar drain placement or ventriculostomy may be
necessary for CSF removal [102]. Intraventricular shunting,
via ventriculoperitoneal shunt, is often reserved for patients
with hydrocephalus or persistently elevated pressures. In
HIV-negative patients with persistently increased intracranial pressure and no evidence of hydrocephalus on imaging
studies, placement of a ventriculoperitoneal shunt may also
be life-saving [103]. Moreover, shunting is not typically
associated with dissemination of cryptococcal infection into
the peritoneum or bloodstream [102]. Medical therapy
including the use of acetazolamide, mannitol, or corticosteroids is not useful in the management of increased intracranial pressure in cryptococcal meningoencephalitis [178].

Prevention and Control
Prevention of cryptococcal disease is difﬁcult because
C. neoformans is ubiquitous in the environment and only
causes sporadic disease. Because of the morbidity and mortality
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associated with CNS cryptococcal disease, and the increased
incidence of cryptococcosis in patients with advanced HIV
infection, primary prophylaxis has been studied in AIDS
patients in several prospective trials [179, 180]. Although
ﬂuconazole and itraconazole have been shown to reduce the
frequency of primary cryptococcal disease among those who
have CD4 counts <50 cells/PL, a survival beneﬁt has not
been established. In addition, concern exists for the development of azole-resistant fungi if widespread antifungal prophylaxis is employed. For these reasons and the concern for
drug interactions, medication compliance, and costs, primary
prophylaxis for crytococcosis is not routinely recommended
[179, 180]. However, in areas in which availability of
HAART is limited, HIV drug resistance is high, and incidence of cryptococcal disease is very high, prophylaxis or
pre-emptive strategies with use of serum cryptococcal antigen might be considered [181].
Asymptomatic cryptococcal antigenemia is a well-documented clinical condition in advanced HIV disease, and its
prevalence has ranged between 4% and 12% per year in certain populations [182–186]. Antigenemia preceded symptoms of meningitis by a median of 22 days in one study in
Uganda and, when not detected, made appearance of disease
unlikely over the subsequent year [187]. Cryptococcal antigenemia has been shown to be associated with increased
mortality rates among those initiating HAART, and persons
with antigenemia are at theoretical risk for the “unmasking”
form of cryptococcal IRIS [128]. The precise management
of asymptomatic antigenemia remains uncertain, but an
aggressive diagnostic and pre-emptive therapeutic stance
may be warranted in areas with increased incidence.
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Rhodotorula, Saccharomyces, Malassezia, Trichosporon,
Blastoschizomyces, and Sporobolomyces
Jose A. Vazquez

Yeasts are found ubiquitously in nature in association with
plants, mammals, and insects. Humans are continually
exposed to multiple genera of yeasts via various routes.
Depending on the interaction between host mucosal defense
mechanisms and fungal virulence factors, yeast colonization
may be transient or persistent and either systemic or local
disease can ensue.
Yeast organisms are usually of low virulence and frequently
require a signiﬁcant alteration or reduction in host defenses
prior to tissue invasion. Recently, because of the increased
population of immunocompromised patients and the use of
azole prophylaxis, the frequency of infections due to nonCandida yeast infections has increased in frequency [1, 2].

Rhodotorulosis
Rhodotorulosis results from infection with the genus
Rhodotorula [3]. Although the yeast is recovered worldwide
from a variety of sources, infection is generally only seen in
the immunocompromised host [3–5].

Mycology
The fungi from the genus Rhodotorula are imperfect basidiomycetous yeasts belonging to the family Cryptococcaceae
[3, 4]. There are eight species in the genus Rhodotorula
[5–7]. Rhodotorula rubra (R. mucilaginosa) is the species
most frequently associated with human infection [5, 8]. The
other less commonly isolated species include R. glutinis, R.
pilimanae, R. pallida, R. aurantiaca, R. minuta (syn, R. marina)
[5]. The majority of Rhodotorula species produce red-toorange colonies due to the presence of carotenoid pigments [3, 4]
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(Fig. 1). The yeast is mucoid, encapsulated, rarely forms
mycelia, and readily grows on almost all types of culture
media. Rhodotorula is very similar to Cryptococcus in rate
of growth, cell size and shape, presence of capsule, and the
ability to split urea. Differences include the inability of
Rhodotorula to assimilate inositol and to ferment sugars [3, 4].
Rhodotorula can be differentiated from other red-pigmented
yeast, such as Sporobolomyces, by the lack of ballistospore
formation.
In vitro susceptibility studies (Table 1) reveal that currently approved antifungals have a wide degree of activity
against Rhodotorula [9–15]. Rhodotorula spp. are susceptible
to amphotericin B, and minimum inhibitory concentrations
(MIC) range from 0.25 to 1.0 Pg/mL [9–11]. Rhodotorula are
less susceptible to azoles; MICs to ﬂuconazole range from 0.5
to 64 Pg/mL; itraconazole, 0.25–16 Pg/mL; ketoconazole,
0.4–0.8 Pg/mL; posaconazole 0.5–4.0 Pg/mL; voriconazole
0.25–4.0 Pg/mL; and isavuconazole 0.03–0.125 Pg/mL
[9–15]. In addition, Rhodotorula species are susceptible to
ﬂucytosine, MIC range 0.06–0.5 Pg/mL [11]. In contrast,
Rhodotorula spp. appear to be intrinsically resistant to the
echinocandins; MICs to caspofungin range from 16 to >16 Pg/mL
and to micafungin from 16 to 64 Pg/mL [9, 10].

Epidemiology
Rhodotorula species are commonly recovered from seawater, plants, air, food (cheese and milk products, fruit juices)
[3, 4, 16], and occasionally from humans. They are frequently recovered as an airborne laboratory contaminant
[3, 4, 16]. Additionally, Rhodotorula are commonly recovered from shower curtains, bathtub–wall junctions, and
toothbrushes. In humans, Rhodotorula spp. have been recovered from the skin [17], nails [18, 19], respiratory tract, urinary tract [17, 18], gastrointestinal tract [20], and bloodstream
[19, 21, 22].
R. rubra and R. glutinis account for approximately 0.5%
of yeasts isolated from the oral cavity and more than 12% of
yeast isolates from stool and rectal swabs [23]. It is important
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Fig. 1 Glistening smooth moist colonies of Rhodotorula rubra. The
color can range from deep coral to pink to salmon. The colony borders
are usually smooth, but also can be mucoid

Table 1 In vitro antifungal susceptibilities of Rhodotorula spp.
[9–15]
Yeast
Antifungal Agent
MIC Range Pg/mL
Rhodutorula spp.

Amphotericin B
Itraconazole
Fluconazole
Voriconazole
Posaconazole
Ravuconazole
Isavuconazole
Caspofungin
Micafungin
Flucytosine

0.25–1.0
0.25–16
0.5–64
0.25–4.0
0.5– 4.0
0.25–2.0
0.03–0.125
8–>16
16–64
0.06–0.5

to note that the recovery of Rhodotorula species from human
sources, especially mucosal sites, has frequently been of
questionable clinical signiﬁcance, although isolation from
numerous sterile body sites has now been described [24].
Catheter-related infection is the most common form of
infection associated with Rhodotorula [5, 25]. The most
common underlying risk factors include hematologic and
solid organ malignancies, chronic renal failure, continuous
ambulatory peritoneal dialysis, cirrhosis, use of total parenteral nutrition, cirrhosis, neutropenia, corticosteroids,
HIV infection, and solid organ and stem cell transplantation [5, 9, 25].

Clinical Manifestations
Clinical signs and symptoms of Rhodotorula infection are
nonspeciﬁc, and vary from subtle and mild to severe, including septic shock. Rhodotorula have been incriminated in a
wide spectrum of infections, including fungemia [5, 9, 19,
22, 26–29], endocarditis [30], peritonitis [31], meningitis

and ventriculitis [5, 24], prosthetic joint infection [32],
endophthalmitis [5] and disseminated disease [5, 33].
Rhodotorula fungemia is the most common form of infection. In most cases, it is associated with intravascular catheters
in patients receiving either chemotherapy or long-term antimicrobials [5, 8, 9, 19, 22, 25, 26, 34, 35]. Fever is the most
frequent manifestation associated with fungemia.
Endocarditis. A fatal case of aortic valve endocarditis
in a patient with underlying rheumatic heart disease has
been described [26]. In addition, a second case of endocarditis in a 7-year-old boy, who was treated successfully
with 5-ﬂucytosine, has also been reported [30].
Central Nervous System Infections. Several cases of meningitis and ventriculitis have been described [5]. R. rubra
was reported in a fatal case of meningitis in a patient with
acute leukemia [36]. The patient presented with epistaxis,
frontal headaches, right tympanic membrane perforation,
followed by fever and chills. The organism was recovered
from the cerebrospinal ﬂuid (CSF) on culture, and seen on an
India ink stain. The patient was treated with amphotericin B,
but did not respond. In a second case of meningitis, R. rubra
was recovered from the CSF of an HIV-positive patient [24].
The diagnosis was made with a positive CSF culture for R.
rubra. The patient responded clinically to 15 days of ﬂucytosine, but relapsed 8 months later. R. rubra also has been
implicated in a case of postoperative ventriculitis in a woman
with benign meningioma. The patient was treated successfully with ﬂucytosine and amphotericin B [37].
Peritonitis. Several cases of R. rubra peritonitis have been
described in patients undergoing continuous ambulatory peritoneal dialysis [5, 31]. Environmental cultures revealed a possible common source outbreak. In all patients, the symptoms
were subtle and intermittent at ﬁrst, and consisted of abdominal
pain, anorexia, nausea, and occasional diarrhea. Rhodotorula is
easily recovered from peritoneal ﬂuid, thereby providing early
identiﬁcation and appropriate antifungal therapy.

Diagnosis
In the majority of proven infections, Rhodotorula is recovered from a sterile site of infection. In these cases, the decision to attribute a causal role to Rhodotorula is relatively
simple, and the patient should be treated appropriately for an
invasive fungal infection. A more difﬁcult situation is when
the organism is recovered from body sites that may normally
harbor Rhodotorula species, especially in the absence of
signs or symptoms of infection. In this setting, it is necessary
to establish true infection instead of colonization.
Rhodotorula species grow readily in blood cultures and
any media suitable for yeast, such as Sabouraud dextrose
agar. There are no serologic diagnostic tests available.
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Treatment
It is difﬁcult to assess the role of antifungal therapy in patients
with infection due to the genus Rhodotorula. Optimal management of patients with indwelling catheters infected with
Rhodotorula has not been well deﬁned. There are several
reports that document clearance of fungemia and resolution of
infection by removing the intravascular catheter in the absence
of antifungal therapy [5, 8, 9, 19, 35]. On the other hand, several reports suggest antifungal treatment alone may sufﬁce [5,
14, 19]. Although there are no clinical trials evaluating the best
antifungal to use in infections due to Rhodotorula spp., in vitro
assays have demonstrated that amphotericin B has the best
activity [8, 10, 11]. It is important to note that Rhodotorula are
intrinsically resistant to echinocandins and are relatively resistant to most azoles except for isavuconazole [10–13]. Given
that infections due to Rhodotorula can be severe and life
threatening, it is probably best to manage these infections
aggressively by discontinuing the indwelling venous catheter,
if possible, and treating with amphotericin B.

Saccharomyces
Saccharomyces is an ascomycetous yeast that is widespread
in nature and is occasionally part of the normal ﬂora of the
human gastrointestinal and genitourinary tracts [17, 38]. The
species includes S. cerevisiae, S. fragilis, and S. carlsbergensis. S. cerevisiae, also known as brewer’s yeast or baker’s
yeast, has been reported to cause infection in humans. S. cerevisiae is better known for its commercial uses, i.e., beer and
wine production, health food supplementation, and recently
by its use in DNA recombinant technology, than as a human
pathogen [3]. S. cerevisiae has been found to be a cause of
mucosal and disseminated infection in humans, primarily in
immunocompromised hosts [38–43].

Mycology
Cells are oval to spherical, measure 3–9 Pm by 5–20 Pm, and
exist as multilateral budding cells as either haploids or diploids [3, 4]. Cells may form short chains and elongate as rudimentary pseudohyphae or form no pseudohyphae. Ascospores,
one to four in number, are in either tetrahedral or linear
arrangements and are gram-negative (vegetative cells are
gram-positive). Colonies are smooth, moist, and either white
or cream-colored.
Saccharomyces are almost invariably nonpathogenic.
Kiehn and coworkers reviewed more than 3,300 yeast cultures from cancer patients and found only 19 isolates of
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S. cerevisiae [19]. In a more recent review from the University
of Minnesota bone marrow transplant program, only two
S. cerevisiae infections were found out of 138 documented
fungal infections over a 15-year period [44].
In the majority of situations the organism is nonpathogenic due to innate low virulence. In early experimental
studies, subcutaneous inoculation with S. cerevisiae was neither lethal nor invasive for normal and cortisone-treated mice
[45]. More recent studies have demonstrated that some clinical isolates of S. cerevisiae in CD-1 mice can proliferate and
resist clearance in vivo, supporting the role of S. cerevisiae
as a cause of clinical infection [46].

Epidemiology
Recovery of Saccharomyces from human mucosal surfaces
rarely is of clinical signiﬁcance. On the other hand, isolation
from sterile body sites has now been described [44, 47].
Saccharomyces has been recovered from the bloodstream,
lungs, peritoneal cavity, esophagus, urinary tract, and vagina
[38, 43, 44, 47].
Recent DNA typing studies evaluating the relatedness
between clinical strains and commercial strains of S. cerevisiae
have demonstrated that commercial products may be a contributing factor in human colonization and infection [48]. Four
women suffering from recurrent S. cerevisiae vaginitis had
exposure to bread dough that contained S. cerevisiae genotypes
that were identical to those found in the vagina. Furthermore,
the husband of one of the women, who worked at a pizza shop,
was also colonized subungually by the same strain of S. cerevisiae recovered from his wife’s vagina [42]. Recently, Cassone
et al. reported an outbreak of S. cerevisiae subtype S. boulardii
fungemia among three intensive care unit patients that were in
proximity to patients receiving the lyophilized preparation of S.
cerevisiae [49]. The authors speculated that the yeast colonized
the ICU and eventually colonized the skin of those patients,
leading to catheter-associated fungemia.
The risk factors associated with Saccharomyces infections are similar to the risk factors associated with candidemia and systemic candidiasis, including central venous
catheters, neutropenia, antimicrobials, and gastrointestinal
tract surgery [39, 41, 50, 51]. There have also been several
reports of S. cerevisiae fungemia in HIV-positive individuals
[52]. Possible portals of entry for invasive disease include
the oropharynx, gastrointestinal tract, and skin [51].

Clinical Manifestations
Clinical signs and symptoms of infection are nonspeciﬁc and
vary from subtle and mild to severe. Saccharomyces species
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have been incriminated in bloodstream infections [3, 39, 43,
50, 51], endocarditis [53, 54], peritonitis [43, 55, 56], disseminated disease [43, 47, 51], pneumonia [39], urinary tract
infection [47, 51] and vaginitis [38, 42]. Fungemia, the most
common form of infection, is seen in the immunocompromised host and is associated with intravascular catheters,
chemotherapy, and antimicrobials [41, 51]. Manifestations
are similar to those of systemic candidiasis and candidemia.
Fever is the most frequent symptom associated with
fungemia, and in the majority of cases, the patients have survived with treatment.
Respiratory Tract Infections. Four suspected cases of
pneumonia due to S. cerevisiae have been reported. In three
out of the four, the patients had underlying hematologic
malignancies, and the diagnosis was made on biopsy of lung
tissue [39, 43, 51]. There have also been two cases of empyema. In one patient, the empyema resulted from a complication during sclerotherapy for esophageal varices [57].
Peritonitis. There have been two surgical cases in which
S. cerevisiae was recovered from the peritoneal ﬂuid of
symptomatic patients [39, 51]. In both patients, the organism
was recovered after surgery for a malignant neoplasm. Both
were cured with surgical drainage and antifungal therapy.
There has been one reported case of cholecystitis in a patient
with diabetes mellitus [58]. S. cerevisiae was recovered from
the gallbladder and from the stone inside the gallbladder. The
patient did well postcholecystectomy and required no antifungal therapy.
Endocarditis. Three documented cases of endocarditis
have been reported [43, 51, 53]. All were associated with
prosthetic valves, and two were in intravenous heroin users.
All three patients were apparently cured with antifungal therapy; in only one patient was the valve replaced.
Genitourinary Tract Infections. There have been three
reported cases of urinary tract infections due to S. cerevisiae
[47, 51]. One patient had bilateral ureteral obstruction and
developed fungus balls due to S. cerevisiae. Two renal
abscesses associated with fungemia have also been documented [51].
Vaginitis due to S. cerevisiae has been reported in 17
women, including 9 women with symptomatic vaginitis
indistinguishable from that caused by C. albicans [38, 42].
All patients had a history of chronic vaginitis unresponsive
to standard antifungal drugs, and all but two had systemic or
local predisposing factors. Additionally, 8 other women were
reported with refractory vaginitis due to S. cerevisiae [42].

Diagnosis
The decision to attribute a causal role to S. cerevisiae is simple when the organism is isolated from a normally sterile
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body site, and the patient should be treated for an invasive
fungal infection. Diagnostic difﬁculty occurs when the
organism is recovered from body sites that may be colonized
by Saccharomyces, especially in the absence of symptoms of
infection. In this setting, it is necessary to establish true
infection instead of colonization with this organism.
S. cerevisiae readily grows in blood cultures and on
Sabouraud dextrose media. No serologic diagnostic tests are
available to assist in the diagnosis.

Treatment
As with many nonpathogenic yeast infections, it is difﬁcult to
assess the role of antifungal therapy in patients with infection
due to the genus Saccharomyces. Optimal management of
patients with prosthetic valve infections and infected indwelling catheters has not been established. There are several
reports that document clearance of fungemia and resolution
of infection by removing the intravascular catheter without
providing antifungal therapy [39, 43, 51]. Most experts advocate the removal of the indwelling catheter and the use of
antifungal agents [51]. Although in vitro susceptibility tests
have not been standardized, Saccharomyces are susceptible to
most antifungal drugs, including amphotericin B, 5-ﬂucytosine, ketoconazole, ﬂuconazole, itraconazole, voriconazole,
posaconazole, and isavuconazole (Table 2) [12, 13, 38].
However, most Saccharomyces isolates have higher MICs to
most antifungal drugs than does Candida albicans.

Malassezia Infections
Malassezia furfur (Pityrosporum orbiculare, P. ovale) and
other Malassezia are common yeasts frequently found on
normal human skin [3, 4]. Malassezia are well known to
cause superﬁcial skin infections such as tinea (pityriasis)
versicolor, dermatophytosis, and folliculitis; occasionally in

Table 2 In vitro antifungal susceptibilities of Saccharomyces
cerevisiae [12, 13, 38]
Yeast
Antifungal Agent
MIC Range Pg/mL
Saccharomyces
cerevisiae

Amphotericin B
Itraconazole
Fluconazole
Voriconazole
Posaconazole
Isavuconazole
Caspofungin
Anidulafungin
Flucytosine

0.5–2.0
0.25–1.0
0.5–16
0.06–0.25
0.12–1.0
0.03–1.0
0.25–1.0
0.03–0.25
0.06–0.12
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the immunocompromised host they cause fungemia and
disseminated infection [3, 4].

Mycology
The genus Malassezia consists of several species, including
M. furfur and M. pachydermatis. M. furfur is a dimorphic
lipophilic yeast that cannot synthesize medium- or longchain fatty acids and has strict in vitro requirements for
exogenous fatty acids of the C12 and C14 series [59]. M. furfur
and other Malassezia exist primarily in the yeast form, but
may form ﬁlamentous structures on the skin when the organism is associated with superﬁcial infections [60].
Because of its nutritional requirements, M. furfur is not
frequently isolated from clinical specimens in the microbiology laboratory unless its presence is suspected and special
preparations are made. M. pachydermatis is generally associated with infections in dogs, where it produces otitis externa
[59]. Recently, this species of Malassezia has been found on
the skin of dog owners whose animals had an active infection. This species has occasionally been implicated in human
infections [61, 62].
Both organisms, when grown under favorable conditions,
produce clusters of oval to round, thick-walled yeast cells,
with unipolar buds that form repeatedly from the same pole
of the parent cell, giving rise to the characteristic “collarette”
at the bud site. The cells measure approximately 6 Pm in
their largest dimension [3, 4, 60, 63].
Optimal growth for M. furfur occurs between 35°C and
37°C. Media such as Sabouraud dextrose agar, chocolate
agar, trypticase soy agar with 5% sheep blood all require the
addition of supplements such as olive oil in order to permit
growth of this organism [64]. M. pachydermatis does not
require exogenous lipids for growth and can be recovered on
standard fungal media. In addition, M. pachydermatis does
not have known ﬁlamentous forms [60]. Colonies are dry
and white to creamy in color [3, 4].
Although in vitro susceptibility assays have not been
standardized (Table 3), the majority of M. furfur strains
appear to be susceptible to most antifungals, including
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amphotericin B (MIC range 0.12–16 Pg/mL), ketoconazole
(MIC range 0.03–1 Pg/mL), fluconazole (MIC range
0.5–32 Pg/mL), itraconazole (MIC range 0.03–0.06 Pg/mL),
voriconazole (MIC range 0.03–16), posaconazole (MIC
range 0.03–32 Pg/mL) [12, 65–68]. Most isolates are intrinsically resistant to ﬂucytosine (MIC t 64 Pg/mL) [65–68].

Epidemiology
Malassezia frequently colonizes the skin of normal hosts
over the scalp, shoulders, chest, and back [64]. The distribution of colonization correlates with oily areas of the skin due
to the organism’s requirement for exogenous fatty acids,
which it obtains from sebum. The highest incidence of colonization has been found in young teenagers, with rates greater
than 90% [63]. The low incidence of colonization in preadolescent children has been postulated to be due to immature
sebum production.
Isolation of M. furfur from newborns is reported to be less
than 10% in nonintensive care settings. However, isolation of
M. furfur has been reported to be greater than 80% in neonatal
intensive care units [60, 64, 69]. The reason for this increased
colonization rate may be because sick infants are handled frequently by adult personnel who are colonized [67].
Risk factors that correlate with increased colonization
rates in neonates include prematurity, duration of hospitalization in the intensive care unit, use of occlusive dressings,
and prolonged use of antimicrobials [60, 70]. Although the
epidemiology of disseminated infection has not been well
studied, there are several risk factors frequently associated
with deep-seated infection due to M. furfur. These include
prematurity, central venous catheters [60, 71–73], total parenteral nutrition, parenteral lipid preparations [71–73], and
immunocompromised state [60].
Molecular epidemiologic studies using PCR-mediated
DNA ﬁngerprinting have concluded that within the neonatal
intensive care unit there is longitudinal persistence of both
M. furfur and M. pachydermatis strains [74].

Clinical Manifestations
Table 3 In vitro antifungal susceptibilities of Malassezia spp. [12, 65–68]
Yeast
Antifungal Agent
MIC Range Pg/mL
Malassezia spp.

Amphotericin B
Itraconazole
Fluconazole
Voriconazole
Posaconazole
Isavuconazole
Flucytosine

0.12–6.0
0.03–0.06
0.5–32
0.03–16
0.03–32
0.03–1.0
ȵ64

Malassezia produces superﬁcial skin infections, such as
tinea (pityriasis) versicolor and a distinctive folliculitis
and, on occasion, deep-seated or hematogenous infection
[67]. The ﬁrst reported case of systemic infection was
described in 1981 in a premature neonate who developed
vasculitis while on lipid therapy [61]. Since then, numerous reports have described disseminated infection due to
M. furfur [60, 67].
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The manifestations of disseminated or deep-seated infection
vary from subclinical and mild symptoms, such as fever, to
sepsis with multiorgan dysfunction [60, 63, 67]. Although the
majority of these infections are seen in premature infants, they
may occur occasionally in the immunocompromised adult.
Commonly reported signs and symptoms of systemic infection
other than fever include bradycardia and respiratory distress
(50%), apnea (37%), hepatosplenomegaly (25%), and lethargy
(12%) [69]. Laboratory ﬁndings include leukocytosis and
thrombocytopenia, and chest radiographs usually reveal bilateral
pulmonary inﬁltrates [69]. Although not commonly recognized,
pneumonia due to M. furfur has been reported on several
occasions in patients who have received a stem cell transplant
[75]. In all four cases reported, the organisms were recovered
from the bronchoalveolar lavage (BAL) specimen. In addition,
all patients had central venous catheters and all had been receiving TPN. Deep-seated organ dissemination is rare.
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Trichosporonosis
Infections due to the genus Trichosporon may be classiﬁed
as superﬁcial or deep [77, 78]. Superﬁcial infection of the
hair shafts, generally due to Trichosporon asahii (T. beigelii),
is commonly known as white piedra because of the soft white
nodules characteristic of this infection. Deep-seated or disseminated Trichosporon infections have been recognized in
the compromised host with increasing frequency over the
past decade and are life-threatening.
The organism now known as T. asahii was ﬁrst described
in 1865 by Beigel, who identiﬁed it as the causative agent of
hair shaft infection [79]. The ﬁrst reported case of disseminated infection appears to be a 39-year-old woman who had
adenocarcinoma of the lung and who developed a brain
abscess [78].

Diagnosis

Mycology

The diagnosis of disseminated infection sometimes can be
made by Gram stain of the buffy coat of blood. The budding
yeast cells also can be observed using stains, such as Giemsa,
periodic acid–Schiff (PAS), or Calcoﬂuor [3, 4]. Blood cultures will usually be negative, unless the infection is suspected and the laboratory adds sterile olive oil to the media.
Recovery of the organism may be enhanced by using lysis
centrifugation blood culture tubes to support the growth of
the yeast [76]. In addition, palmitic acid (3%) supplementation may improve the recovery of Malassezia [76].

The genus Trichosporon, initially described by Behrend,
currently contains two main species: T. asahii (formerly,
T. beigelii, T. cutaneum) [79] and Blastoschizomyces capitatus, previously called T. capitatum or Geotrichum capitatum
[3, 4, 77, 80, 81]. Gueho and colleagues have also suggested
that the species known as T. asahii may include several
different Trichosporon species with epidemiologic and
pathogenic differences [80]. In 1991, investigators using
isoenzyme delineation and Polymerase chain reaction (PCR)
DNA ﬁngerprinting techniques suggested that the strains that
generally produce superﬁcial infections are distinctly different
from those strains that produce invasive disease [82].
Trichosporon species are characterized by true hyphae,
pseudohyphae, arthroconidia, and blastoconidia and are
commonly found in soil, animals, and on human skin [3, 4,
77]. T. asahii grows readily on Sabouraud dextrose agar as
rapidly growing, smooth, shiny gray to cream-colored yeastlike colonies with cerebriform radiating furrows that become
dry and membranous with age [3, 4] (Fig. 2).
T. asahii is readily identiﬁed using commercially available
carbohydrate assimilation assays. Over 30 species of
Trichosporon have been identiﬁed. Although T. asahii is the
most commonly recovered species, other species associated
with invasive infection include, T. inkin, which has been
recovered in association with peritonitis, osteomyelitis, endocarditis, and urinary tract, cutaneous, and subcutaneous infections [83], and T. mycotoxinivorans, which has been associated
with pneumonia in patients with cystic ﬁbrosis [84].
In 1963, investigators described the presence of common antigens between T. asahii and Cryptococcus neoformans [85]. Immunodiagnosis of trichosporonosis using the

Treatment
Management of M. furfur fungemia and disseminated infection is controversial. Most authorities recommend prompt
removal of the central venous catheter and discontinuation of
intravenous lipids [60, 63, 67]. In most cases without deepseated infection, removal of the central venous catheter and
discontinuation of lipids is all that is needed to clear the
infection. This treatment approach accomplishes two objectives: eradication of the nidus of infection and removal of the
nutritional requirements of the organism. If fungemia persists or there is evidence of deep-seated infection, antifungal
therapy should be initiated. Fortunately, Malassezia species
are susceptible to azoles and polyenes (Table 3) [60, 63, 65, 67].
Although randomized clinical trials have not been undertaken, in most situations either ﬂuconazole (400 mg/day) or
amphotericin B (0.7 mg/kg/day) intravenously should be
sufﬁcient to eradicate the infection.
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Fig. 2 Growth of Trichosporon asahii on Sabouraud’s dextrose agar.
Although initially cream colored, with age the colony becomes wrinkled and its center becomes heaped up and darkens to a greenish gray
color

anticryptococcal latex-agglutination test of the serum has
also been reported [86, 87].

Epidemiology
While T. asahii is generally found in the soil, it may also be
recovered from air, rivers and lakes, sewage, and bird droppings [77, 88]. It rarely colonizes the inanimate environment,
but may occasionally colonize the mucosal surfaces of the
oropharynx, the lower gastrointestinal tract, and the skin in
approximately 4% of humans [23, 89].
There have been more than 100 documented cases of disseminated infection due to T. asahii [3, 4, 77, 89–92].
In most cases the major risk factors included underlying neoplastic disease (acute leukemia, chronic leukemia, multiple
myeloma, solid tumors) and neutropenia [92–97]. In patients
who do not have cancer and are not neutropenic, the major
risk factors include corticosteroids, prosthetic valve surgery,
solid organ transplantation (kidney, heart, liver), chronic
active hepatitis, antimicrobials, cystic ﬁbrosis, and intravenous drug use [90, 98–100]. In the majority of cases, the proposed portal of entry appears to be the respiratory tract,
gastrointestinal tract, central venous catheters, or percutaneous vascular devices [84, 88, 90, 99, 100].

Clinical Manifestations
Trichosporonosis can be classiﬁed into superﬁcial infections such as white piedra (hair shaft), onychomycosis and
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otomycosis, and invasive infection. Invasive infection can
be further divided into localized deep tissue infection and
disseminated (hematogenous) infection.
Deep tissue infection results from the invasion of
Trichosporon into nonmucosal tissues. The infection may
involve a single organ infection or multiple organs. The most
frequently affected organ is the lungs, representing approximately 33% of localized deep tissue infections [99–101].
Other sites of deep organ infection include the peritoneum
[99–102], heart valves (natural and prosthetic) [83, 92], eyes
[103], brain, liver, and spleen [104], stomach [105], kidneys
[96], uterine tissue, gallbladder [97, 106], and central nervous system (chronic fungal meningitis) [88, 107].
The clinical spectrum of disseminated infection resembles
systemic candidiasis and includes fungemia associated with
organ infection [99, 100, 108]. Disseminated infections may be
either acute or chronic. Acute disseminated trichosporonosis
frequently has a sudden onset and progresses rapidly, primarily
in patients who are persistently neutropenic with fungemia
characterized by persistent fever despite broad-spectrum antibacterial agents. Patients frequently develop cutaneous lesions
(33%), pulmonary inﬁltrates (30–60%), and hypotension, with
renal and ocular involvement [99, 100, 108].
The metastatic cutaneous lesions begin as an erythematous
rash with raised papules on the trunk and the extremities.
As the infection progresses, the rash evolves into macronodular lesions, followed by central necrosis of the nodules and,
rarely, the formation of hemorrhagic bullae [109]. Pulmonary
inﬁltrates frequently accompany the disseminated infection
and may manifest as a lobar consolidation, bronchopneumonia, or a reticulonodular pattern [88, 108].
Renal involvement in disseminated infection is quite common and occurs in approximately 75% of the cases. Renal disease may manifest as proteinuria, hematuria, red blood cell
casts, acute renal failure, and glomerulonephritis [88, 89].,
Urine cultures are frequently positive for Trichosporon and
should suggest disseminated disease in a neutropenic patient.
Chorioretinitis is frequently seen in disseminated disease
and may cause decreased or complete loss of vision due to
retinal vein occlusion and retinal detachment [110]. In experimental studies, Trichosporon has been found to have tropism for the choroid and retina [110, 111]. However, unlike
candidal endophthalmitis, Trichosporon usually infects uveal
tissues, including the iris, but spares the vitreous [88, 110].
During disseminated infection, virtually any tissue in the
body may be infected with Trichosporon. The organs that
have been documented to be involved include the liver,
spleen, gastrointestinal tract, lymph nodes, myocardium,
bone marrow, pleura, brain, adrenal gland, thyroid gland, and
skeletal muscle [90, 111–115].
In chronic disseminated trichosporonosis, symptoms may
be present for several weeks to months and include persistent
fever despite broad-spectrum antimicrobial therapy [111].
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This infection is similar to the entity known as chronic disseminated (hepatosplenic) candidiasis and tends to be a
chronic infection of the liver, spleen, and other tissues after
recovery from neutropenia [116, 117]. Laboratory studies
frequently reveal an elevated alkaline phosphatase. Imaging
the abdomen with either a CT scan or MR reveals hepatic or
splenic lesions compatible with abscesses. If lesions are
demonstrated, a biopsy is needed to conﬁrm the diagnosis.

Diagnosis
The diagnosis is made with a biopsy sent for histopathology
and for culture of the skin or involved organs. On histopathologic examination, the unique feature of Trichosporon infection is the array of fungal forms, including yeasts, arthroconidia,
hyphae, and pseudohyphae that are seen in tissues (Fig. 3).
Blood cultures may also be useful in diagnosing disseminated
infection and, on occasion, in deep-tissue infection.
Trichosporon will grow readily in blood culture and on fungalspeciﬁc media such as Sabouraud dextrose agar [3, 88]. The
presence of Trichosporon in the urine of a high-risk patient
should increase the suspicion of disseminated infection.
There are no standardized serologic assays for
Trichosporon, but the serum latex agglutination test for C.
neoformans may be positive in patients with trichosporonosis [85]. The initial clinical observations suggesting the usefulness of this test was reported by McManus and coworkers,
who demonstrated a positive serum latex agglutination test
for C. neoformans in several patients with disseminated
Trichosporon infection [87].
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Treatment
Trichosporonosis has a mortality rate of 60–70%. The underlying
disease, persistent neutropenia, and concurrent infections
contribute to overall mortality. The initial step in the
management of disseminated Trichosporon infection should
be to decrease or reverse immunosuppression. Optimal
therapy has not been established. Until recently, most patients
received amphotericin B, occasionally in combination with
ﬂucytosine [111]. Several investigators, however, have reported
amphotericin B tolerant and resistant isolates of T. asahii
[88, 108].
Although there are no clinical trials, there are several antifungal options currently available. In vitro susceptibility
studies and animal models suggest that azoles and not polyenes or echinocandins are more effective in the eradication
of Trichosporon species in neutropenic and nonneutropenic
models [10–13, 92, 118–122]. In vitro susceptibility studies
of T. asahii (Table 4) reveal ﬂuconazole MIC50 of 8.0 Pg/mL
(MIC range 4–64 Pg/mL) and itraconazole MIC50 of 0.25 Pg/
mL (range 0.12–16 Pg/mL) [13, 119]. In the same study,
amphotericin B MIC50 for T. asahii was 4.0 Pg/mL (range
1.0–8.0 Pg/mL) [12, 13, 119]. Although there are no established breakpoints to deﬁne susceptibility, the majority of the
Trichosporon spp. evaluated thus far demonstrate relatively
high MICs to the polyenes and echinocandins with relatively
low MICs to the newer azoles [10–13, 122].
It is important to note that the newer triazoles – voriconazole, posaconazole, isavuconazole, and ravuconazole – have
demonstrated broader and more potent in vitro activity
against most Trichosporon species than the older azoles [10–
13, 119]. All four triazoles have demonstrated excellent
in vitro activity against most isolates of Trichosporon
(Table 4). Voriconazole MIC50 0.25 Pg/mL (range 0.03–
0.25 Pg/mL), posaconazole MIC50 1 Pg/mL (range 0.25–1 Pg/mL),
isavuconazole MIC50 0.125 Pg/mL (range 0.03–0.25 Pg/mL),
and ravuconazole MIC50 4 Pg/mL (range 0.25–16 Pg/mL)
[10–13, 119, 122].
In a murine model of disseminated trichosporonosis, it
was found that combination therapy with micafungin and
Table 4 In vitro antifungal susceptibilities of Trichosporon asahii
[10–13, 119, 122]
Yeast
Antifungal Agent
MIC Range Pg/mL
Trichosporon
asahii

Fig. 3 Fungal forms noted in the lung obtained at autopsy of a patient
who died of disseminated Trichosporon asahii infection. (a) view showing hyphae, pseudohyphae, arthroconidia, and blastospores (yeasts);
(b) higher magniﬁcation showing hyphae (2,800×); (c) higher magniﬁcation showing arthroconidia (2,800×)

Amphotericin B
Itraconazole
Fluconazole
Voriconazole
Posaconazole
Ravuconazole
Isavuconazole
Caspofungin
Flucytosine

1.0–8.0
0.12–16
4.0–64
0.03–0.25
0.25–1.0
0.06–0.12
0.03–1.0
t64
16–t64

Rhodotorula, Saccharomyces, Malassezia, Trichosporon, Blastoschizomyces, and Sporobolomyces

amphotericin B demonstrated a synergistic effect leading to
prolonged survival time and decreased renal fungal burden
when compared with either agent alone. In addition, the
combination of micafungin and ﬂuconazole also reduced the
renal fungal burden when compared with monotherapy [123].
Combination therapy with ﬂuconazole and amphotericin B
has been used successfully in a bone marrow transplant
recipient who developed breakthrough trichosporonosis
while receiving prophylaxis against invasive fungal infection
with caspofungin [124].
Although there are limited clinical data, one possible therapeutic approach would be to use voriconazole 200–300 mg
twice daily in a patient with disseminated trichosporonosis. It
may be clinically useful to determine in vitro susceptibilities
as a helpful adjunct in the management of this serious infection, especially in light of recent case reports describing multidrug resistant T. asahii infections [121–125].

Blastoschizomyces capitatus
Infections due to Blastoschizomyces capitatus, although not
as common as T. asahii, have been recognized in the immunocompromised host over the past 20–25 years [126, 127].
Most cases appear to be very similar to either disseminated
candidiasis or disseminated T. asahii infection [3, 4].

Mycology
B. capitatus, formerly Trichosporon capitatum (syn. G. capitatum) is difﬁcult to differentiate from G. candidum and T.
asahii [3, 4, 79–81]. B. capitatus produces smooth to wrinkled, raised hyaline colonies with short and ﬁnely funiculose
aerial mycelium. Hyphae are septate and branching and often
form annelloconidia instead of arthroconidia [127].
In vitro susceptibility studies (Table 5) indicate that B.
capitatus is susceptible to amphotericin B (MIC90 0.62 Pg/
Table 5 In vitro antifungal susceptibilities of Blastoschizomyces
capitatus and Sporobolomyces spp. [11, 12, 14, 15, 128, 129]
Yeast
Antifungal Agent
MIC Range Pg/mL
Blastoschizomyces
capitatus

Sporobolomyces

Amphotericin B
Itraconazole
Fluconazole
Voriconazole
Posaconazole
Flucytosine
Amphotericin B
Fluconazole
Itraconazole
Voriconazole

0.06–64
0.25–0.50
4.0–32
0.06–0.25
0.12–0.25
0.04–t64
0.12–1.0
1.0–64
1.0–2.0
0.25–4.0
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mL, range 0.125–64 Pg/mL); less susceptible to azoles such
as ﬂuconazole (MIC90 32 Pg/mL), ketoconazole (MIC90
3.12 Pg/mL, range 0.04–32 Pg/mL); and susceptible to itraconazole (MIC90 0.25 Pg/mL). Most isolates are resistant to
ﬂucytosine (MIC range 0.04– t 64 mg/mL) [14, 128]. The
newer triazoles – voriconazole and posaconazole – demonstrate good in vitro activity [11, 12, 15, 129].

Epidemiology
B. capitatus is found in wood and poultry but has also been
recovered from sputum and normal intact skin [3, 4].
Geographically, B. capitatus differs from T. asahii, with
B. capitatus infections found more commonly in Europe and
T. asahii infections found in North America [77, 127]. In
most cases, the major risk factors include neutropenia and
underlying hematologic malignancies [127]. The portal of
entry is unknown, but is suspected to be the respiratory tract,
gastrointestinal tract, and possibly infected central venous
catheters [3, 4, 77, 127].

Clinical Manifestations
B. capitatus infection may involve a single organ or multiple
organs and may be associated with fungemia. The most frequently affected organs are the lungs, liver, skin, and central
nervous system. In addition, other involved organs include
the spleen, epididymis, kidney, gastrointestinal tract, vertebral body and disc, and prosthetic heart valves [14].
The clinical spectrum of disseminated infection is similar to that of systemic candidiasis and includes fungemia
with or without organ infection [14, 127]. Generally, the
manifestations begin with fever unresponsive to antibacterial therapy in a neutropenic patient. In addition, in the largest series from Italy, many patients presented with pulmonary
disease characterized by cavitary lung lesions and focal
hepatosplenic lesions [126]. Skin lesions similar to those
found in systemic candidiasis were also seen. Less commonly described infections include endocarditis, especially
involving prosthetic valves, urinary tract infection, vertebral
osteomyelitis with discitis of the lumbar spine, cerebritis,
and brain abscess [111, 127–131].

Diagnosis
Diagnosis is made by positive blood cultures or by biopsy
with histopathology and culture of the skin or affected
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organs. In a series from Italy, blood cultures were positive in
20 of 22 cases [127]. B. capitatus will grow easily in blood
culture bottles and on fungal-speciﬁc media such as
Sabouraud dextrose agar [3, 4]. Although skin lesions are
common, fungal stains and cultures of these lesions are usually negative [3, 4, 127].

Treatment
Disseminated infections with B. capitatus have mortality
rates between 60% and 70% [127]. Underlying disease, persistent neutropenia, and concurrent infections are signiﬁcant
contributing factors to overall mortality. Optimal therapy has
not been established. Until recently, most patients received
amphotericin B [111]. The initial step in the management of
disseminated infection should be to decrease or reverse the
immunocompromised state. Since most isolates are susceptible to amphotericin B, the recommended therapy is amphotericin B at a dose of 1.0–1.5 mg/kg/day [14]. Based on their
excellent in vitro activity, voriconazole and posaconazole are
suitable alternatives for therapy [15, 128, 129].

Sporobolomyces
Sporobolomyces are yeast-like organisms that belong to the
family Sporobolomycetaceae. These yeasts, which are found
throughout the world in soil, bark, and decaying organic
material, rarely have been associated with infections in
humans. There are seven known species of Sporobolomyces,
but only three have been reported to cause human disease,
S. salmonicolor, S. holsaticus, and S. roseus. To date, there
have been six cases of documented Sporobolomyces infections: a nasal polyp, one case of dermatitis, one case of
infected skin blisters, one case of Madura foot, and two cases
of disseminated infection (lymph node and bone marrow) in
patients with AIDS [132–134]. Despite the fact that
Sporobolomyces are saprophytic, these case reports indicate
the potential ability of these organisms to produce invasive
infection in humans, especially, in an immunocompromised host.
Sporobolomyces produces pink–orange colonies due to the
production of carotenoid pigments, and should be differentiated from R. rubra, which also produces a similar color [3, 4].
The genus Sporobolomyces is differentiated from other yeast
by their reproductive ballistoconidia [135]. In vitro susceptibility studies (Table 5) show that S. salmonicolor is susceptible to amphotericin B, ﬂuconazole, and ketoconazole. All
patients reported thus far have responded to therapy with
either amphotericin B or ketoconazole [14].
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Part IV

Mycoses Caused by Moulds

Aspergillosis
Thomas F. Patterson

The opportunistic mold Aspergillus is the etiologic agent
responsible for a variety of infections and conditions referred
to as aspergillosis. These manifestations include a spectrum
of diseases from allergic responses to the organism (allergic
bronchopulmonary aspergillosis), to colonization with
Aspergillus spp. (aspergilloma or fungus ball and other
superﬁcial conditions, such as external ear colonization) and
invasive infection (invasive pulmonary aspergillosis and
other clinical syndromes of tissue invasion).
The importance of Aspergillus as a clinically important
pathogen has increased dramatically. Invasive aspergillosis is a
signiﬁcant cause of morbidity and mortality in high-risk
patients [1–3]. The increased number of cases of invasive
aspergillosis is due to the fact that a greater number of patients
are at risk for this disease, including patients undergoing
hematopoietic stem cell or solid organ transplantation and the
use of corticosteroids and other immunosuppressive therapies.
Management of invasive aspergillosis remains difﬁcult due to
the limited sensitivity of diagnostic tests and is further compounded by the fact that antifungal agents must be begun
promptly if therapy is likely to be successful [3]. Cultures may
not always be positive in patients with invasive aspergillosis,
but it is important to recognize that a positive culture result in a
high-risk patient may suggest the presence of infection. Recent
developments in non-culture-based methods allow early diagnosis of infection, which can be used to initiate early antifungal
therapy. Radiology may also be useful in establishing a presumptive diagnosis of infection [4]. Even when antifungal therapy is begun promptly, outcomes of therapy remain poor,
particularly in patients with disseminated disease and in those
with persistent immunosuppression [1, 3, 5]. Signiﬁcant advances
in the therapy of aspergillosis have been reported, and guidelines
using currently available drugs have been published [3].
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Historic Review
Micheli in Florence ﬁrst recognized Aspergillus in 1729 [6].
In his historic monograph Nova Geneva Plantarum, Micheli,
a priest, noted the resemblance between the spore-bearing
head of the organism he described as Aspergillus and an aspergillum used to sprinkle holy water (with the name derived
from the Latin aspergo, to sprinkle) [6, 7]. Later, Rayer and
Montagne identiﬁed Aspergillus candidus from a bird air sac
in 1842, but the ﬁrst detailed microscopic descriptions of
Aspergillus were provided in 1856 by Virchow, who also published the ﬁrst detailed descriptions of human infection [8, 9].
Virchow examined tissues described in earlier reports of
animal disease by Bennett in 1844 and Sluyter in 1847 and
concluded the organisms were closely related to those
that he observed in human infection [10]. Fresenius introduced the term aspergillosis in 1863 in his work describing
avian infection [11].
Initial descriptions of clinical cases (some of which were
likely colonization) were detailed in workers that had been
occupationally exposed to the organism, and the association
was made with infection and certain occupations, such as
pigeon feeders, wig combers, farmers, feed-mill workers,
and others exposed to dust or grains [5]. Others noted the
potential for Aspergillus to colonize or invade cavities that
formed following other diseases such as tuberculosis. Deve
described fungus balls due to Aspergillus (aspergilloma) in
1938 [12]. The potential for allergic reactions to the organisms in the form of allergic bronchopulmonary aspergillosis
was described by Hinson and colleagues in 1952 [13]. It was
not until the mid-1950s, with the introduction of immunosuppressive agents such as corticosteroids and cytotoxic chemotherapy, that the ﬁrst occurrences of invasive aspergillosis
in immunocompromised hosts were recognized [14]. In
recent decades the use of immunosuppressive therapies in
increasing numbers of patients has resulted in a dramatic
global increase in the numbers of invasive infections due to
Aspergillus [15].
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Mycology
After the initial early descriptions of the organism, Aspergillus
ﬂavus was formally named in 1809 [16]. Thom and Church
ﬁrst classiﬁed the genus in 1926 with 69 Aspergillus species
in 11 groups [17–19]. The term “group” has now been
replaced with “section,” although this nomenclature is not
common in clinical mycology laboratories [20]. With the use
of molecular techniques to identify fungi, the number of species of aspergilli has increased to over 250 species in seven
subgenera and multiple sections [21, 22]. However, phenotypic
methods and DNA internal transcribed spacer sequencing only
identify isolates within a section, so the recommendation
for clinical laboratories is to report species as members of a
“species complex.” [22].
Most species of Aspergillus reproduce asexually, but a
teleomorph, or sexual form, has been identiﬁed for pathogenic species, including Aspergillus fumigatus with its
recently described teleomorph Neosartorya fumigata,
Aspergillus nidulans (teleomorph Emericella nidulans),
and Aspergillus vitis (teleomorph Eurotium amstelodami)
[23, 24]. The generic name Aspergillus is generally applied
to all species regardless of their teleomorphs, rather than
separating the organisms into a limited number of new and
unfamiliar species based on discovery of a sexual state along
with the majority of isolates without a teleomorph identiﬁed
[25]. The taxonomy of Aspergillus has been extensively
revised with reclassiﬁcation and identiﬁcation of species
based on molecular studies such as sequencing of ribosomal
genes, beta-tubulin, or calmodulin [26]. These studies have
allowed more natural subgroupings and more accurate identiﬁcation of species but will undoubtedly continue to cause
revisions in Aspergillus nomenclature.
The genus Aspergillus is classiﬁed as an anamorphic member
(asexual form) of the family Trichocomaceae of the form class
Hyphomycetes in the phylum Deuteromycota. The teleomorphs of Aspergillus species are classiﬁed in seven genera
in the order Eurotiales in the phylum Ascomycota [21].
Identiﬁcation of the genus Aspergillus and of common pathogenic species is not usually difﬁcult, but species-level identiﬁcation can be more challenging, particularly for atypical or
poorly sporulating isolates. Misidentiﬁcation of these “cryptic”
members of Aspergillus sections is common [27].
The most common species causing invasive infection are
members of the A. fumigatus, A. ﬂavus, A. niger, and A. terreus
species complexes. Recent studies have shown continued emergence of less common species, including less pathogenic species as etiologic agents of invasive infection (Table 1). With
more prolonged and profound immunosuppression, the list of
rare species causing invasive infection continues to increase and
includes: A. alabamensis, A. alliaceus (teleomorph Petromyces
alliaceus), A. avenaceus, A. caesiellus, A. candidus, A.carneus,
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Table 1 Identiﬁcation of Aspergillus species in
261 cases of invasive infection [1]
Species
Number (%)
Aspergillus fumigatus
A. ﬂavus
A. niger
A. terreus
A. versicolor
A. nidulans
A. oryzae
A. glaucus
Not speciﬁed or not identiﬁed

173 (66)
36 (14)
17 (7)
11 (4)
2
1
1
1
19 (7)

A. chevalieri, A.clavatus, A. calidoustus, A. ﬂavipes,
A. fumigatafﬁnis, A. glaucus, A. granulosus, A. lentulus, A. novofumigatus, A. nidulans, A. ochraceus, A. oryzae, A. puniceus, A.
pseudodeﬂectus, A. restrictus, A. sydowii, A. quadrilineatus, A.
tamarii, A. tubingensis, A. versicolor, A. vitus, A.wentii,
Neosartorya pseudoﬁscheri, and many others, although the
authenticity of some has been questioned [20, 21, 28–31].
Pathogenic Aspergillus species grow easily and rapidly at
a broad range of culture temperatures and on a wide variety of
media, although blood cultures are rarely positive. Growth of
pathogenic species at 37 °C is a feature that usually differentiates the pathogenic from nonpathogenic isolates. A. fumigatus
is able to grow at temperatures up to 50 °C, which, in addition to morphology, can be used to identify that species [29].
Most Aspergillus species will initially appear as small, ﬂuffy
white colonies within 48 h of culture. Presumptive identiﬁcation at the genus level is usually performed based on morphologic characteristics without difﬁculty, although species-level
identiﬁcation of unusual species may be signiﬁcantly more
difﬁcult, particularly if sporulation is slow.
Microscopic features and colony morphology for
A. fumigatus, A. ﬂavus, A. terreus, and A. niger are shown
in Figs. 1 and 2, respectively. Species identiﬁcation of
Aspergillus is important, as differences in pathogenicity as
well as susceptibility occur. Key features of the four species
most frequently associated with clinical manifestations of
disease are outlined below.
Aspergillus fumigatus (see Figs. 1a and 2a), the most common pathogen in the section Fumigati is the most frequent
species to cause invasive aspergillosis historically, comprising
up to 90% of the isolates. A. fumigatus has been less prevalent
in some recent reports [1, 32, 33]. The organism is found
widespread in nature – in soil, on decaying vegetation, in the
air, and in water supplies [34]. Thermotolerance permits a
wide range of suitable host conditions. Colonies are a graygreen color with a woolly to cottony texture [29]. Hyphae
are septate and hyaline with columnar conidial heads.
Conidiophores are smooth-walled, uncolored, and uniseriate
with closely compacted phialides only on the upper portion of
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Fig.1 Microscopic characteristics of Aspergillus species fruiting structures. (a) Aspergillus fumigatus (b) A. ﬂavus (c) A. terreus (d) A. niger
(all magniﬁcations ×420) (Photomicrographs kindly provided by Dr.
Deanna Sutton)

Fig. 2 Colony morphology of
Aspergillus species. (a)
Aspergillus fumigatus (b)
A. ﬂavus (c) A. terreus (d)
A. niger (Colony photographs
kindly provided by Dr. Deanna
Sutton)
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the vesicle. Conidia are smooth to ﬁnely roughened and are
2–3 Pm in diameter. Hyphae, which are strongly angioinvasive, may not always branch at a 45° angle. Fruiting heads
rarely occur in clinical specimens in sites exposed to air [29].
Other “cryptic” members in the section Fumigati that are
pathogenic in humans have been described, including A. lentulus, A. fumigatafﬁnis, A. novofumigatus, and others. These
species sporulate poorly and, in contrast to A. fumigatus, fail
to grow at 50 °C but do grow at 10 °C [27, 30]. Identiﬁcation
of these species can be clinically relevant, as some species,
such as A. lentulus, exhibit decreased antifungal susceptibility
[35]. When these species are only identiﬁed phenotypically,
they should be referred to as members of the A. fumigatus
species complex.
Aspergillus ﬂavus (see Figs. 1b and 2b) is found in soil
and decaying vegetation. Colonies are olive to lime green
and grow at a rapid rate. This species is typically biseriate
with rough conidiophores and smooth conidia 3–6 Pm that
serve to distinguish the species. Some isolates are uniseriate.
The organism is a common cause of sinusitis as well as invasive infection in immunosuppressed hosts. Aspergillus ﬂavus
is also responsible for a mycotoxicosis, as the species produces
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a potent aﬂatoxin [19]. If characterized by morphology alone,
A. ﬂavus and other species in the section Flavi should be
referred to as members of the Aspergillus ﬂavus species
complex.
Aspergillus terreus (see Figs. 1c and 2c) is common in
tropical and subtropical habitats and has been increasingly
reported as a cause of invasive infection in immunocompromised hosts [36]. Colonies are buff to beige to cinnamon [29].
Conidial heads are biseriate and columnar. Conidiophores
are smooth-walled and hyaline. Globose, sessile accessory
conidia are frequently produced on submerged hyphae.
Conidia are small (2–2.5 Pm). The colony color and fruiting
structures are characteristic for this species, notable for its
decreased susceptibility to amphotericin B [37]. Molecular
characterization has shown that A. terreus is also a species
complex.
Aspergillus niger (see Figs. 1d and 2d) is widespread in
soil and on plants and is common in foods such as pepper.
Colonies are initially white but quickly become black with
the production of the fruiting structures. It grows rapidly with
a pale yellow reverse side. Like other Aspergillus species,
hyphae are hyaline and septate. Conidial heads are biseriate
and cover the entire vesicle. Conidia are brown to black and
are very rough (4–5 Pm) [29]. The species, which is commonly associated with colonization and otic infections, produces oxalate crystals in clinical specimens [38]. This species
complex also contains several related species.
Other less common species of Aspergillus also cause invasive infection [1, 33]. Some species cause infections in certain epidemiologic settings, such as A. nidulans, which is an
important cause of invasive infection in patients with chronic
granulomatous disease and may be resistant to amphotericin
B [39]. Another species of clinical relevance is A. calidoustus,
a species in the section Usti, which grows at 37 °C and was
formerly called A. ustus, a species which fails to grow at
37 °C. This species is often resistant to multiple antifungal drugs
and has been associated with invasive infection in severely
immunosuppressed patients [32]. These less pathogenic species must be recognized as potentially clinically signiﬁcant
pathogens in susceptible hosts [20].

Pathogenesis and Host Defenses
Aspergillus infection is typically acquired through inhalation
of conidia into the lungs, although other routes of exposure,
such as oral or aerosol exposure to contaminated water,
may also occur [40]. Cutaneous exposure through surgical
wounds, contaminated intravenous catheters, and arm boards
can lead to cutaneous infections [41].
Invasive aspergillosis is uncommon in immunocompetent
patients, although infection in apparently normal hosts does
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occur [1]. Hence, despite the ubiquitous nature of the organism
and frequent exposures to Aspergillus conidia, normal host
defenses do not readily permit invasive pulmonary aspergillosis to occur.
Aspergillus species commonly produce toxins, including
aﬂatoxins, ochratoxin A, fumagillin, and gliotoxin, that can
contribute to clinical manifestations following exposure and
may contribute to virulence in speciﬁc settings [19]. For
example, gliotoxin signiﬁcantly impacts macrophage and
neutrophil function, but in experimental models, disruption
of gliotoxin production did not impact survival in neutropenic animals [42]. However, in nonneutropenic animals,
deletion of gliotoxin genes resulted in prolonged survival
[43] and, as such, may be more important in invasive infection that develops in nonneutropenic patients. Other pathogenic factors include production of a variety of proteases and
phospholipases, which are commonly produced by pathogenic strains [44, 45].
The ﬁrst line of host defense against inhalation of
Aspergillus conidia is ciliary clearance of the organism from
the airways, limiting access to deep lung structures for larger,
less pathogenic conidia. In the pulmonary tissues, the alveolar macrophage is a potent defense, capable of ingesting and
killing inhaled Aspergillus conidia [46]. The hydrophobic
rodlet layer on the conidial cell surface immunologically
protects Aspergillus against activation of the host innate
immune cell response [47]. After germination, the major line
of defense against both swollen conidia and hyphae is the
polymorphonuclear leukocyte. Recent studies in experimental
models have shown the importance of early neutrophil inﬂux
in preventing conidial germination and limiting hyphal invasion [48]. Hyphae are too large to be effectively ingested,
and hyphal damage occurs extracellularly [49].
Swollen conidia and hyphae are both able to ﬁx complement, which is important in phagocytic killing of the organism.
Notably, A. fumigatus produces a complement inhibitor,
which may play a role in its pathogenicity [50]. Host
defenses against Aspergillus may be enhanced by opsonization of conidia with complement or other molecules such as
mannose-binding protein or surfactant proteins [51]. A deﬁciency in mannose-blinding lectin has been associated with
increased risk for invasive pulmonary aspergillosis [52].
Antibody responses due to prior exposures to Aspergillus
are common, but antibodies are not protective against invasive infection nor are they useful for diagnosis of infection,
due to the fact few immunosuppressed patients are able to
mount an antibody response even in the setting of invasive
disease [53].
The NADPH oxidase in phagocytes is essential in host
defenses against Aspergillus species, as demonstrated by the
increased susceptibility of patients with chronic granulomatous disease, an inherited disorder of NADPH oxidase, to
Aspergillus infections [54]. Corticosteroids play a major
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role in increasing susceptibility to Aspergillus by decreasing
oxidative killing of the organisms and also by increasing
hyphal growth rate [55]. Corticosteroids impair alveolar
macrophage function and reduce neutrophil killing of
hyphae, which may be reversed to some degree with the use
of interferon-J or with administration of granulocyte or
granulocyte-macrophage growth factors [56].
T helper (Th) cytokines have important roles in innate
and adaptive defense against Aspergillus. In a murine model
of invasive aspergillosis, a Th1 response induced by administration of soluble interleukin-4 was associated with a
favorable response [57]. Pathogen recognition receptors,
including toll-like receptors (TLRs) and dectin-1, also mediate innate defenses against Aspergillus [58]. Recognition of
Aspergillus by TLR2 and dectin-1 results in activation of
intracellular pathways leading to proinﬂammatory cytokine
production [59, 60]. These events provide initial host
defenses against Aspergillus and bridge innate and acquired
immunity [61]. Recently, polymorphisms in host genes,
including TLR4 haplotypes and plasminogen gene alleles,
have been associated with increased susceptibility to invasive aspergillosis in patients undergoing hematopoietic stem
cell transplantation [62, 63]. Improved understanding of
host defenses could lead to identiﬁcation and targeted management of patients with increased susceptibility to invasive
disease.
In contrast to the deﬁcient host defense responses in invasive infection, in noninvasive allergic forms of aspergillosis
such as allergic bronchopulmonary aspergillosis (ABPA) or
allergic sinusitis, the pathogenesis often relates to exuberant
inﬂammatory host responses to the organism [64]. The
immune responses in ABPA that occur in both asthmatic
patients and in those with cystic ﬁbrosis is a Th2 response
[65]. ABPA begins with an allergic inﬂammatory response
that follows after inhalation of Aspergillus conidia into the
bronchi, where they germinate and form hyphae [66].
Colonizing hyphae then release allergens that are processed
by HLA-DR2 or HLA-DR5 antigen-presenting cells. The
resultant Th2 inﬂammatory response in bronchial tissue
leads to excessive mucin production, recruitment of eosinophils, intermittent bronchial obstruction, and eventually
bronchiectasis in some patients [65].
Similarly, the pathogenesis of aspergilloma or fungus ball
due to Aspergillus is not well deﬁned but also seems to be
associated with host responses to chronic colonization. In
aspergilloma, the organism does not usually invade the tissues, but it colonizes a pulmonary cavity. Although tissue
invasion resulting in a chronic necrotizing form of aspergillosis can occur, the pathogenic features leading from colonization to invasive disease are not clearly understood [67].
Chronic forms of pulmonary aspergillosis have been linked
to subtle immune defects, including polymorphisms in mannose-binding protein or surfactant [68].

Epidemiology
Aspergillus species are ubiquitous saprophytic molds that are
found worldwide in a variety of habitats. They are found in
soil, water, and food and are particularly common in decaying vegetation. Exposure to the organisms occurs worldwide
and throughout the year, although higher ambient concentrations of Aspergillus conidia in autumn and winter have been
suggested [69]. The inoculum for establishing infection is
not known. Presumably persons with normal pulmonary
defense mechanisms can withstand even extensive exposure
without any manifestation of disease, while severely immunocompromised hosts are likely to develop disease with
lower inocula.
Patients at highest risk for invasive aspergillosis include
those with prolonged neutropenia; recipients of hematopoietic stem cell transplants or solid organ transplants, especially lung transplants; patients with advanced AIDS; and
those with chronic granulomatous disease [1, 58]. Other
patients at risk include those on chronic corticosteroids or
tumor necrosis factor antagonists [70], those with chronic
lung disease, and, more recently described, patients with
nontraditional risk factors in the intensive care unit [71].
Prolonged neutropenia is a major risk factor for invasive
aspergillosis [72]. Without recovery from neutropenia,
response to even aggressive antifungal therapy is unlikely [1].
Nevertheless, with changing patterns of immunosuppressive
therapy, patients are less likely to remain neutropenic for
extended periods of time, and the use of growth factors has
further limited the duration of neutropenia. An index that
considers the duration and depth of neutropenia has been
developed to predict risk of invasive mycoses in patients with
recurrent or persistent episodes of neutropenia [73].
In recent surveys, other immunosuppressive conditions
have emerged as important risk factors for invasive aspergillosis, and the time period for risk of invasive aspergillosis in
a variety of hosts is now greatly extended. In patients receiving hematopoietic stem cell transplants, the period at risk
extends for more than 100 days after immunosuppression
[74–76]. The extended period of risk reﬂects long-term
complications of high-dose corticosteroid therapy and other
immunosuppressive agents for chronic graft-versus-host
disease, especially following non-myeloablative transplant
procedures.
Patients undergoing allogeneic hematopoietic stem cell
transplantation and those with hematologic malignancies,
such as acute myelogenous leukemia, are at highest risk for
developing invasive infection [1]. Even among high-risk
patients there is substantial heterogeneity of risk. For example, in patients with acute myelogenous leukemia, the incidence of invasive aspergillosis ranges from as low as 2% to
as high as 25% or more, with a mean incidence of approximately 4–7% [77–80]. Among patients who have received a
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solid organ transplant, those undergoing lung transplantation
are at particular risk for Aspergillus infection. The clinical
presentation ranges from an ulcerative tracheobronchitis to
disseminated infection [81, 82]. The increased risk in these
patients is due to the transplanted organ being exposed to the
environment, altered ciliary clearance, and the fact that many
of these patients are colonized prior to transplantation [82].
Invasive aspergillosis in liver transplant recipients typically
involves pulmonary infection, occurs late in the post-transplantation period, and is associated with a lower mortality
rate, as compared to those who develop aspergillosis earlier
after liver transplantation.
Outbreaks of invasive aspergillosis have occurred in
patients exposed to Aspergillus in association with construction and other environmental risks [83]. Air ﬁltration and
infection control measures, such as construction barriers that
reduce risks by limiting exposure to aerosols, have been
shown to reduce the incidence of infection. Air ﬁltration with
high-efﬁciency particulate air (HEPA) ﬁlters has been recommended as the standard of care in bone marrow transplant
units during the period of most severe neutropenia in order to
reduce the rates of nosocomial infection [69, 84]. However,
in the most severely immunosuppressed patients, aspergillosis may still occur, either as a result of endogenous reactivation of infection or due to other exposures, perhaps even
related to aerosols of contaminated water [40, 84, 85]. Stem
cell and solid organ transplant patients who are at greatest
risk for invasive aspergillosis frequently receive substantial
portions of their care outside the hospital setting; however,
control of air quality in those settings is not possible.
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ethmoid sinus, or even in the upper jaw following endodontic
treatment [87]. Typically Aspergillus fungus balls in the lung
develop in cavities as a result of pre-existing infections or
diseases, such as tuberculosis, histoplasmosis, sarcoidosis,
bullous emphysema, ﬁbrotic lung disease or, rarely,
Pneumocystis jiroveci pneumonia. The diagnosis of a pulmonary fungus ball, which can also be due to other molds, is
usually made radiographically with the appearance of a solid
round mass inside a cavity. The detection of Aspergillus antibodies are further evidence that the radiographic ﬁndings are
consistent with a diagnosis of fungus ball due to Aspergillus;
biopsy is not usually undertaken [3, 88].
Although the presence of a fungus ball due to Aspergillus
may be relatively asymptomatic, in some patients tissue invasion may occur, leading to invasive pulmonary aspergillosis
or a subacute chronic necrotizing form of the disease [3, 67].
Hemoptysis is a common clinical symptom and can lead to a
fatal complication. Hemoptysis has been reported as the
cause of death in up to 26% of patients with aspergilloma
[88]. Management of aspergilloma is determined by the frequency and severity of hemoptysis, and by evaluation for
risk factors that are associated with a poor prognosis.
Complications are more likely in patients with severe underlying lung disease, immunosuppression, or extensive disease
suggested by high titers of Aspergillus antibody. In these settings, speciﬁc therapies may be needed earlier in the course
of management in order to avoid potential life-threatening
hemoptysis [88].

Chronic Forms of Pulmonary Aspergillosis

Clinical Syndromes
The clinical presentation of diseases produced by Aspergillus
species is diverse and generally reﬂect the underlying
immune status of the host and the host’s response to the
organism [86]. The syndromes of aspergillosis range from
asymptomatic colonization, superﬁcial or saprophytic infection, allergic responses to the organism, and acute or subacute invasive disease [3].

Saprophytic and Superﬁcial Aspergillosis
Pulmonary Aspergilloma
A pulmonary fungus ball due to Aspergillus (aspergilloma) is
characterized by chronic, extensive colonization of Aspergillus
species in a pulmonary cavity or ectatic bronchus. Fungus
balls may also develop in other sites, such as the maxillary or

The spectrum of aspergillosis of the lower respiratory tract
includes diseases previously referred to as “semi-invasive
pulmonary aspergillosis” and chronic necrotizing pulmonary
aspergillosis [86]. The chronic and progressive nature of
infection with Aspergillus species in some patients has led
some authors to describe pulmonary aspergillosis along a
continuum [67]. Chronic necrotizing pulmonary aspergillosis is the descriptive term applied to cavitary lung disease,
chronic respiratory symptoms, and the presence of serumprecipitating antibodies to Aspergillus. Direct invasion of
Aspergillus into the lung parenchyma without angioinvasion
occurs, and this form of infection is described as a subacute
or non-angioinvasive form of disease [67]. The term chronic
cavitary pulmonary aspergillosis, sometimes referred to as
“complex aspergilloma” in the surgical literature, has been
applied to the formation and expansion of multiple pulmonary cavities [89]. Some of these patients have been described
as having subtle defects in host defenses including polymorphisms in mannose-binding lectin [68]. It is currently unclear
if these distinctions of chronic pulmonary aspergillosis will
provide assistance in guiding management.
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Other Superﬁcial or Colonizing Conditions
Aspergillus is associated with fungal balls of the sinuses
without tissue invasion [87]. The maxillary sinus is the site
most commonly involved. Clinical presentation is similar to
that for any chronic sinusitis with chronic nasal discharge,
sinus congestion, and pain. The diagnosis of a fungal ball is
suggested on CT scan of the sinuses; positive cultures for
Aspergillus, usually A. fumigatus or A. ﬂavus, are obtained
by aspiration of material from the sinuses. Management is
usually directed at surgical removal of the lesion and conﬁrmation that the fungal ball has not caused bony erosion.
Otomycosis is a condition of superﬁcial colonization by
Aspergillus, most typically A. niger [90]. The usual clinical
presentation is that of an external otitis media with ear pain
and drainage. Examination of the ear canal may reveal the
black conidiophores of A. niger. Treatment involves cleaning
debris from the ear canal and the topical administration of a
variety of agents, including cleansing solutions and topical
antifungal agents. Voriconazole has also been beneﬁcial in
anecdotal case reports [91].
Other superﬁcial or colonizing conditions due to
Aspergillus include onychomycosis, which can be a chronic
condition not responsive to antifungal agents directed at
yeasts. Culture conﬁrmation of Aspergillus as the etiologic
agent may be useful in this setting.
Aspergillus species may also colonize the airways without
causing disease in patients with a variety of lung conditions.
A survey of clinical laboratories showed that a large number
of isolates of Aspergillus are not associated with infection
[33]. Many of those isolates come from sputum samples of
patients without apparent invasive disease, although the role
of Aspergillus in causing symptoms of occasional hemoptysis
and bronchitis in those patients is unclear.

Allergic Manifestations of Disease
Allergic Bronchopulmonary Aspergillosis
ABPA is a chronic allergic response to colonization with
Aspergillus. Classic criteria for establishing a diagnosis
include (1) episodic bronchial obstruction (asthma); (2)
peripheral eosinophilia; (3) immediate skin test reactivity to
Aspergillus antigen; (4) precipitating Aspergillus antibodies;
(5) elevated serum immunoglobulin E (IgE); (6) history of or
presence of pulmonary inﬁltrates; and (7) central bronchiectasis [64, 92]. The detection of the ﬁrst six criteria
establishes a likely diagnosis, while the presence of all seven
conﬁrms the condition. Other secondary features that may be
present include sputum cultures yielding Aspergillus, brown
mucus plugs in expectorated sputum, elevated speciﬁc IgE

antibodies against Aspergillus, late skin test reactivity to
Aspergillus, and reactions following intrabronchial challenge
with Aspergillus [64, 93].
In ABPA, typically the initiating event is for an asthmatic
patient to develop an allergic reaction to inhaled Aspergillus.
Following that reaction, mucus plugs develop in the bronchi
and can be detected by the presence of hyphae in sputa. The
impacted mucus causes atelectasis, which in turn causes
transient pulmonary inﬁltrates; repeated bronchial reactions
ultimately lead to bronchiectasis in the proximal bronchi.
Characteristic “ring signs” (circular or oblong densities) or
“tram lines” (parallel shadows) are seen on chest radiographs.
These ﬁndings result from chronic peribronchial inﬂammation
around dilated bronchi [64].
ABPA is reported to occur in up to 14% of patients with
steroid-dependent asthma [64] and is also particularly common in patients colonized with Aspergillus, including patients
with cystic ﬁbrosis who have a 7% prevalence of ABPA [65].
In cystic ﬁbrosis patients undergoing lung transplantation,
the presence of Aspergillus colonization is an important risk
factor for developing invasive pulmonary aspergillosis.
This form of aspergillosis typically progresses through a
series of stages which are helpful in delineating appropriate
management of the condition: (1) acute; (2) remission; (3)
exacerbation; (4) steroid-dependent asthma; and (5) ﬁbrosis
[64, 93]. The initial acute stage is usually responsive to corticosteroid therapy, which may lead to a period of asymptomatic remission. Most patients will experience exacerbations
and may eventually become steroid dependent. Late-stage
manifestations include pulmonary ﬁbrosis that may be associated with substantially reduced pulmonary function and are
associated with a poor long-term prognosis. Management of
ABPA is directed at reducing acute asthmatic symptoms and
avoiding end-stage ﬁbrotic complications. Corticosteroid
therapy is commonly used for treating exacerbations, although
few randomized trials have been conducted to evaluate its
use. Increasing serum IgE levels, worsening or new inﬁltrates,
or worsening ﬁndings on spirometry suggest that steroids
may be helpful [3]. The role of antifungal agents is limited,
although itraconazole appears to be beneﬁcial in reducing
symptoms and allowing a reduction in the use of corticosteroids. A randomized double-blind, placebo-controlled trial
showed that itraconazole, 200 mg daily, for 16 weeks signiﬁcantly reduced daily corticosteroid use, reduced levels of
serum IgE, and improved exercise tolerance and pulmonary
function [94].

Other Allergic Manifestations
Allergic responses can also contribute to symptoms of sinusitis [95]. Allergic sinusitis is similar in its presentation to
sinusitis complicated with fungal balls due to Aspergillus.
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Frequently, in patients with allergic sinusitis, polyposis or
eosinophil-rich mucin-containing Charcot-Leyden crystals
are seen [95]. Management is largely directed at conﬁrming
lack of invasive infection and in aerating the sinus. The use
of steroids or antifungal agents has not been conclusively
demonstrated to be of beneﬁt [3].

Invasive Syndromes Caused by Aspergillus
Infection with Aspergillus is usually acquired through inhalation of airborne conidia that invade the lung tissue in the absence
of an effective monocytic or neutrophilic immune response [96].
The major clinical presentation is invasive pulmonary aspergillosis, which arises from spread of the organism from a primary
pulmonary inoculum or from the paranasal sinuses. Hyphal
invasion into blood vessels is common, occurring in approximately a third of patients. Nonpulmonary sites become infected
by contiguous spread or via hematogenous spread to the central
nervous system, occurring in 10–40% of severely immunosuppressed patients, such as those undergoing allogeneic hematopoietic stem cell transplantation, or to other organs, including the
liver, spleen, kidney, skin, bone, and heart [1, 5].
Response to antifungal therapy depends on several factors,
including the immune status of the host and extent of the
infection at time of diagnosis. Favorable responses, deﬁned as
those with complete resolution of signs and symptoms and
those with partial responses, have been historically seen in
fewer than 40% of treated patients (Table 2) [1]. Even more
striking are the extremely poor responses seen in the most
highly immunosuppressed patients. For example, in a survey
of 595 patients with invasive aspergillosis, favorable responses
were seen in only 13% of patients undergoing allogeneic bone
marrow transplantation [1]. Similarly poor responses have
been reported in severely immunosuppressed patients in other
series [97–101]. Extent of infection also correlates with likelihood of a favorable outcome: in patients with disseminated
Table 2 Favorable responses in invasive aspergillosis: role of
immunosuppression and extent of disease [1]
Underlying disease (n)

Complete/
partial responses (%)

Overall (595)
Severe immunosuppression (363)
Allogeneic BMT (151)
Hematologic malignancy (212)
Less severe immunosuppression (232)

37
28
13
39
51

Site of infection (n)

Complete/
partial responses (%)

Pulmonary (330)
40
Disseminated (without CNS) (114)
18
Central nervous system (34)
9
BMT bone marrow transplant, CNS central nervous system

infection, favorable responses decrease to fewer than 20%
and are frequently fewer than 10% in patients with central
nervous system disease who remain immunosuppressed [1].
As might be predicted, the mortality rate of patients with
invasive aspergillosis correlates with the immune status of
the host and extent of disease. Lin and colleagues reviewed
1941 patients from 50 series of invasive aspergillosis and
found an overall mortality rate of 60%, which rose to more
than 80% in patients with severe immunosuppression and
almost 90% in those with central nervous system involvement [2]. More effective therapies and improved diagnostic
strategies have been associated with more successful outcomes and improved survival [102, 103] although outcomes
in patients with disseminated infection or persistent immunosuppression remain poor [101, 104].

Invasive Pulmonary Aspergillosis
Invasive pulmonary aspergillosis is the most common manifestation of invasive aspergillosis. The temporal pattern of infection is closely linked to changes in circulating neutrophils,
including both the degree and the duration of severe neutropenia. A signiﬁcant number of patients are colonized at the time
of admission or develop sinus or airway colonization with
Aspergillus shortly after hospitalization, suggesting prior community-acquired colonization or infection [84, 85]. The disease
rarely manifests before 10–12 days of profound neutropenia.
The most frequent symptoms include progressive dry
cough, fever despite therapy with broad-spectrum antibiotics
(although fever may not be present in patients receiving corticosteroids), dyspnea, and pleuritic chest pain. Notably,
extensive infection can develop before symptoms are prominent, which emphasizes the importance of clinical suspicion
to establish the diagnosis early. Other manifestations include
hemoptysis and pneumothorax. Invasive pulmonary aspergillosis may resemble a pulmonary embolism with sudden
onset of chest pain and difﬁculty breathing. The physical
examination is often not helpful.
Laboratory studies usually reﬂect neutropenia and thrombocytopenia secondary to chemotherapy. Occasional
nonspeciﬁc ﬁndings include elevation in bilirubin and lactate
dehydrogenase, coagulation abnormalities, elevation in
C-reactive protein and ﬁbrinogen. Patients with more widespread pulmonary involvement may develop respiratory
failure characterized by hypoxemia with compensatory
hyperventilation, hypocapnea, and respiratory alkalosis.
The prognosis of patients with focal nodular pulmonary
lesions is more favorable; limited disease may respond to
antifungal therapy and also be amenable to adjunctive
surgical intervention [3, 4, 105, 106].
Initially, plain chest radiographs often show few abnormalities [107]. With progression of the infection, diffuse
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Fig. 3 Chest radiograph showing diffuse pulmonary inﬁltrates of invasive
pulmonary aspergillosis
Fig. 5 Computed tomography of chest showing classic “air crescent”
sign of invasive aspergillosis

clearly cause similar ﬁndings; consequently, CT ﬁndings
should be interpreted with caution.

Tracheobronchitis

Fig. 4 Computed tomography of chest showing “halo” sign of low
attenuation surrounding a nodular lung lesion in early invasive pulmonary aspergillosis

nodular pulmonary inﬁltrates typically occur and are readily
seen on chest radiographs (Fig. 3). Other pulmonary lesions
include pleural-based, wedge-shaped densities and cavities.
Pleural effusions have been considered rare [5], but recent
studies suggest that pleural effusions are more common than
has been recognized, although their relationship with infection has not been established [99, 108].
Chest CT scans are more sensitive for detecting early infection and in establishing the extent of infection. The presence of
a “halo” of low attenuation surrounding a nodular lesion is an
early ﬁnding and has been used as a marker for initiating early
antifungal therapy (Fig. 4) [99, 107, 108]. Later in the course
of infection, nodular lesions can cavitate, usually in temporal
association with recovery of neutrophils, producing an “aircrescent” sign (Fig. 5). Despite the utility of these radiographic
ﬁndings, it should be recognized that their validity has been
established in high-risk, neutropenic, and hematopoietic stem
cell transplant patients. In other groups, including solid organ
transplant patients, other opportunistic etiologic agents can

Aspergillus infection of the airways is more common in
patients in patients undergoing lung transplantation and in
those with advanced AIDS [81, 109]. The syndromes in these
patients range from colonization, which is particularly common in lung transplant recipients, to extensive pseudomembranous or ulcerative tracheobronchitis that occurs at the
suture line of the transplant [110, 111]. Symptoms of tracheobronchitis may be mild and can be confused with other
causes, including rejection in lung transplantation. Typically
these patients have cough, fever, and dyspnea along with
chest pain and hemoptysis. In more severe disease, unilateral
wheezes or stridor may develop due to local obstruction [5].
Plain radiographs are not sensitive for the diagnosis of
tracheobronchitis, and clinical suspicion combined with
change in pulmonary functional capacity are early clues for
the diagnosis. Bronchoscopy with biopsy to document tissue
invasion is needed to establish the diagnosis of invasive
Aspergillus tracheobronchitis. Therapy with systemic antifungal agents is usually given for a prolonged period of time.
Aerosols of amphotericin B deoxycholate are difﬁcult to
administer and are poorly tolerated, but aerosols of lipid
formulations amphotericin B have been successfully used for
localized disease [112].

Sinusitis
Involvement of the nasal passages or sinuses is also a
relatively classic manifestation of invasive aspergillosis that
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may appear as isolated syndromes or, more commonly, in the
context of invasive pulmonary aspergillosis. Aspergillus
infections of the sinuses and nasal cavities in immunocompromised patients usually present as acute invasive rhinosinusitis. The clinical manifestations consist of fever, cough,
epistaxis, sinus discharge, facial pain, and headache. On
examination, identiﬁcation of anesthetic areas and ulcers is
particularly important. The disease can quickly spread to
adjacent areas, such as palate, orbit, and brain. The mortality
rate is high, ranging from 20% in patients with leukemia in
remission who are undergoing maintenance therapy, to 100%
in patients with relapsed leukemia or those undergoing stem
cell transplantation [3]. Plain radiographs are not sensitive
for the diagnosis and do not distinguish fungal etiologies
from other causes of sinusitis. Sinus CT scans are useful for
establishing extent of infection and determining local invasion of bone and soft tissues. Diagnosis is established
presumptively from culture of sinus or nasal material but
requires tissue to document invasive disease.

Disseminated Infection
Widely disseminated invasive aspergillosis is a frequent
end-stage complication of refractory pulmonary aspergillosis.
In patients with severe immunosuppression, including
patients with profound neutropenia, extensive graft-versushost disease, and progressive underlying malignancy, infection can disseminate rapidly and involve virtually every
organ system, as seen in autopsy series. In patients with
extensive disease, favorable responses to therapy are uncommon, and mortality rates approach 90% [2, 101, 104].

Cerebral Aspergillosis
Cerebral aspergillosis is one of the most dreaded complications of disseminated aspergillosis; historically, the mortality
rates were greater than 90%, although recent studies have suggested better responses with aggressive antifungal therapy and
surgical intervention [2, 113]. Cerebral aspergillosis occurs in
as many as 10–20% of all cases of invasive aspergillosis, and
is usually associated with disseminated disease [1, 5, 113]. In
severely immunosuppressed patients, such as those undergoing hematopoietic stem cell transplantation, Aspergillus is a
major cause of brain abscess; in one series, 58% of lesions that
were biopsied revealed aspergillosis [114]. Isolated cerebral
aspergillosis can occur in immunocompetent patients, in
whom it is associated with a slightly better prognosis provided
the diagnosis is made early and surgical drainage or extirpation is performed. Aspergillus meningitis is rare.
The clinical presentation of cerebral aspergillosis is characterized by focal neurologic signs, alteration in mental

Fig. 6 Brain abscess of invasive aspergillosis with ring enhancement
and extensive edema

status, and headaches. Fever may occur but is usually related
to other concomitant infections. On CT scan of the brain,
Aspergillus lesions appear similar to other infectious causes
of brain abscess and manifest ring enhancement of the
abscess along with surrounding edema (Fig. 6). Magnetic
resonance imaging may reveal additional lesions. Although
the diagnosis of cerebral aspergillosis is conﬁrmed by biopsy,
the etiology can be inferred in patients who have widely disseminated infection. However, in highly immunosuppressed
patients, including those with organ or stem cell transplants
or advanced AIDS, the differential diagnosis is very broad
and includes bacterial brain abscesses, toxoplasmosis, other
fungi, tuberculosis, and lymphoma. Consequently, a presumptive diagnosis should be entertained with caution. The
outcome of cerebral aspergillosis has been almost universally
fatal. Recent studies have reported overall responses of 35%
after therapy with voriconazole and surgical intervention,
although responses in patients with persistent immunosuppression are still extremely poor [113].

Cutaneous Disease
Skin involvement by Aspergillus can either represent
disseminated hematogenous spread or local infection associated
with an intravenous catheter insertion site or the skin areas covered by adhesive dressings [3]. While most cutaneous lesions
occur in patients with neutropenia or in other immunocompromised patients, including neonates, Aspergillus can also invade
burns or surgical wounds [3]. Clinically, the lesion shows an
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area of rapidly increasing erythema with a necrotic, often
ulcerated, center and can resemble ecthyma gangrenosum.
Pathologically, there is invasion of blood vessels and cutaneous
ulceration. In patients with cutaneous disease as a manifestation
of widespread disseminated aspergillosis, a skin biopsy is a relatively easy method to obtain tissue to establish the diagnosis.

Osteomyelitis
Aspergillus osteomyelitis is an uncommon manifestation of
invasive aspergillosis. Bony involvement can occur in the
setting of local extension from a pulmonary, sinus, or brain
lesion, resulting in extensive infection that is often refractory
to therapy. Aspergillus osteomyelitis can also be seen as a
complication of disseminated infection or as a primary infection in certain risk groups, such as patients with chronic
granulomatous disease or intravenous drug users [3]. With
primary infection, the spine, usually the lumbar area, is often
affected [115]. The lesions can be seen on plain radiographs
as well as on CT scan or MR imaging, which are useful to
stage the infection and guide needle biopsy of the lesion.
Favorable responses, as high as 55%, have been reported in
one review of the use of voriconazole for Aspergillus osteomyelitis. Long-term therapy and surgical intervention are
frequently needed in those not responding to medical management [116].

cases, voriconazole has been successfully administered
systemically as well as topically [3, 120].

Diagnosis
The diagnosis of invasive aspergillosis is established presumptively on clinical grounds and conﬁrmed by growth of
the organism in culture and histopathology. Non-culturebased tests offer the potential for a more rapid diagnosis.
However, non-culture-based tests remain relatively insensitive, and invasive procedures are often reluctantly performed,
so that many patients have a presumptive diagnosis based on
clinical suspicion alone. The clinical syndrome of acute dyspnea, pleuritic chest pain, and hemoptysis that results from
angioinvasion of pulmonary vessels by the fungus is an
important but usually late clue to the diagnosis.
A number of approaches can be utilized to obtain tissue
samples for invasive aspergillosis. For pulmonary lesions
and other sites, such as soft tissue or bone, a ﬁne-needle
biopsy can be attempted and guided by CT to increase the
diagnostic yield and avoid a more invasive procedure.
Bronchoscopy with bronchoalveolar lavage (BAL) and transbronchial biopsy is useful in establishing a speciﬁc diagnosis
and in evaluating for other pathogens in these high-risk
patients. Brain lesions that are not accessible can be presumptively identiﬁed by establishing the presence of invasive pulmonary or disseminated aspergillosis [3].

Other Invasive Infections
Invasive aspergillosis in a variety of other sites has been
reported in case reports or small series [5]. Endocarditis due
to Aspergillus can occur on either native or prosthetic heart
valves. The diagnosis of endocarditis due to Aspergillus is
particularly difﬁcult, as blood cultures usually remain negative despite extensive disease. The prognosis for Aspergillus
endocarditis is poor even with surgical intervention, although
successful therapy with voriconazole alone has been reported
[117]. Pericarditis can also occur, usually secondary to local
extension from the lungs or in the setting of disseminated
disease, and can be complicated by cardiac tamponade [5].
Other unusual sites of Aspergillus infection include the
eye (keratitis, endophthalmitis), gastrointestinal tract, and
kidneys, although invasive infection has been observed in
virtually all body sites [5, 118]. Aspergillus keratitis is frequently associated with trauma or corneal surgery [119]. The
diagnosis of fungal keratitis is established with smears showing hyphae that are indistinguishable from other molds, such
as Fusarium. Cultures are required to conﬁrm the diagnosis.
Therapy is usually with amphotericin B or natamycin drops,
but data supporting their use are limited [3]. In anecdotal

Histopathology
The diagnosis of invasive aspergillosis is proven with hyphal
invasion of tissue specimens together with a positive culture
for Aspergillus species [121]. Hyphal elements and morphology are usually easily demonstrated in infected tissues using
stains such as Gomori methenamine silver or periodic acid–
Schiff (see Fig. 7). Aspergillus hyphae are typically hyaline,
septate, 3–6 Pm wide with parallel cross-walls, and dichotomously branched at acute angles [29]. These features usually
allow distinction from Zygomycetes, which are much broader,
exhibit right-angle branching, and are rarely or sparsely septate. Agents of phaeohyphomycosis can be distinguished due
to their black or darkly pigmented hyphae due to melanin that
stains with the Fontana-Masson stain [122]. However, it is
important to note that a number of pathogenic moulds, including Scedosporium, Fusarium, Geotrichum, Scopulariopsis,
and others will have virtually identical appearances to
Aspergillus species on histopathology. Although speciﬁc
immunohistochemical stains using ﬂuorescent antibodies to
Aspergillus can distinguish the organism, as can polymerase
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[126, 127]. Multi-triazole resistance, including the spread of
a single resistance mechanism, has been reported in
Aspergillus strains [126–128]. In isolates obtained since
1999, prevalence of resistance ranged from 1.7% to 6%
[128]. Not all resistant isolates are cross-resistant to other
azoles in vitro so testing various antifungals may be useful
[126, 127]. Some species, such as A. terreus, are resistant to
amphotericin B and susceptible to azoles, so testing of that
species could also be of potential clinical utility [37].
Nevertheless, the need for routine susceptibility testing of
Aspergillus is limited at the present time [3].
Fig. 7 Lung tissue section showing thin, acutely branching hyphae on
Grocott-Gomori methenamine silver (GMS) stain invading pulmonary
tissues (original magniﬁcation ×420)

chain reaction (PCR)–based approaches, these methods are
not widely available for routine clinical use [123].

Culture and Susceptibility
Cultures for Aspergillus in respiratory samples can be used
to diagnose invasive infection in high-risk patients [124]. In
patients with high rates of infection, such as patients with
neutropenia or those undergoing stem cell transplantation,
the presence of Aspergillus in a respiratory sample, particularly if obtained from BAL ﬂuid, is highly suggestive of the
diagnosis of invasive aspergillosis [121]. In contrast, blood
cultures are rarely positive for Aspergillus. These features
have led the joint European Organization for Research and
Treatment of Cancer/Mycoses Study Group (EORTC/MSG)
panel to propose that positive BAL cultures in conjunction
with clinical illness and pulmonary inﬁltrates in neutropenic
or allogeneic hematopoietic stem cell transplant patients
constitute adequate criteria for a diagnosis of probable invasive pulmonary aspergillosis [121].
Genus-speciﬁc identiﬁcation and susceptibility testing are
becoming more important as antifungal therapies are increasingly directed at speciﬁc pathogens. For example, voriconazole is active against most Aspergillus species but is not
active against Zygomycetes [125]. Similarly, the echinocandins are not active in vitro against Zygomycetes and have
limited direct activity against moulds other than Aspergillus.
Culture of the organism will also allow susceptibility testing
to be performed.
Susceptibility testing for moulds, including Aspergillus,
has been validated, although there are limited data correlating susceptibility results with clinical activity [3]. Antifungal
resistance to azoles has been reported for a limited number
of isolates, which correlates with lack of clinical response in
experimental infection in animal models and in some patients

Radiographic Studies
Radiographic ﬁndings can also be useful to suggest a diagnosis of Aspergillus infection. Plain chest radiographs are too
insensitive to make the diagnosis, as extensive pulmonary
disease may be present with few ﬁndings on chest ﬁlms. In
neutropenic and hematopoietic stem cell transplant patients
with invasive aspergillosis and other angioinvasive moulds,
chest CT scans often demonstrate lesions that are not visible
on plain radiographs. A “halo” of low attenuation surrounding a nodular lung lesion in a high-risk patient has been
associated with an early diagnosis of infection (Fig. 4) [4].
A nodular lesion may subsequently undergo cavitation to
form an “air crescent” sign that is associated with aspergillosis; this radiographic sign occurs later in the course of
illness, usually after recovery of neutrophils (Fig. 5) [4]. The
presence of a CT “halo” sign as a trigger to begin presumptive therapy in high-risk patients resulted in favorable
responses, particularly when combined with detection of circulating levels of serum galactomannan [129]. It should also
be recognized that pulmonary lesions can increase in volume
over the ﬁrst 7 days of therapy even with an eventual clinical
response so that radiographic progression does not necessarily
mean progression of the infection [4].

Non-Culture-Based Methods
Non-culture-based methods have been used to establish a
rapid diagnosis of invasive aspergillosis. Detection of antibody to Aspergillus was evaluated for diagnosis of invasive
disease, but a large proportion of patients have antibodies
caused by prior asymptomatic exposure to ubiquitous
Aspergillus conidia and immunosuppressed patients do not
develop a prompt antibody response to infection [53]. Thus,
non-culture-based diagnostics have been targeted to
Aspergillus antigens or metabolites and, more recently, to
molecular targets associated with invasive infection.
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Detection of galactomannan (GM) in serum and more
recently in other body ﬂuids, especially BAL, has played an
important role in the non-culture-based diagnosis of invasive
aspergillosis [130]. The current EIA assay (Platelia
Aspergillus, Sanoﬁ Diagnostics Pasteur, Marnes-la-Coquette,
France; BioRad, Redmond, WA) utilizes a monoclonal antibody to GM and has been extensively validated in experimental models and in clinical studies [130]. Sensitivity for
detecting invasive aspergillosis has been reported as high as
89% with a speciﬁcity of 92% in high-risk hematopoietic
stem cell transplant patients [131]. Other studies have found
lower sensitivity ranging as low as 40–50%, particularly in
the setting of mould-active antifungal prophylaxis or therapy
and when serial samples were not used for testing [132, 133].
An index of positivity in serum of 0.5 is now recommended,
particularly in high-risk patients [130, 133, 134]. Falsepositive results have been seen in some patients, including
neonates and pediatric patients, and are thought to be due to
dietary intake or the presence of cross-reacting antigens from
bacteria such as Biﬁdobacterium. False-positive ﬁndings have
also occurred in patients receiving antibiotics, particularly
piperacillin-tazobactam, and in some other fungal infections,
such as histoplasmosis [130, 135–137]. Although the method
has been used to test other body ﬂuids, such as cerebrospinal
ﬂuid and BAL ﬂuid, these samples have been less extensively
studied compared to serum [138, 139]. In one study, detection
of GM in BAL ﬂuid increased the sensitivity, compared to
serum, from 47% to 85% [140], and BAL was the only sample that was positive in other studies [141, 142]. However,
false-positive results have been reported in patients with
Aspergillus colonization and with the use of ﬂuids used for
BAL that contain GM, such as plasmalyte [143, 144]. Studies
are ongoing to establish the clinical utility and cut-off threshold for positivity in nonserum samples.
Another non-culture-based method approved for clinical
use is detection of serum (1 Ȣ 3) beta-D-glucan using an amebocyte limulus lysate test [145–148]. This assay detects cell
wall beta-glucans and, as such, is not speciﬁc for Aspergillus
but is also positive in infections due to other fungi, including
Candida and moulds other than Aspergillus. Although there are
limited clinical studies to support the use of this assay in invasive aspergillosis, its use is included in the EORTC/MSG deﬁnitions for establishing a diagnosis of invasive fungal infection
[121].
The use of PCR to establish a molecular basis for diagnosis has also been evaluated in invasive aspergillosis [149,
150], but a number of features still limit its utility. There are
no externally validated methods, and a variety of targets and
techniques have been utilized [151]. A recent meta-analysis
of published results of PCR studies showed a sensitivity of
75% and a speciﬁcity of 87% when two positive samples
were used to establish a positive result. For a single sample,
this rose to a sensitivity of 88% at the cost of reduced

speciﬁcity of 75% [152]. Levels of circulating PCR product
in serum or blood are low, but promising results have been
seen, particularly when combined with other diagnostic
methods [153, 154].

Treatment
Historically, therapy with amphotericin B deoxycholate was
the recommended therapy for invasive aspergillosis, but outcomes using this agent were extremely poor, particularly in
severely immunosuppressed patients and those with extensive
infection. Overall response rates of <40% and mortality rates
>60% were common [1, 2]. Fortunately, an extensive effort
has resulted in development of new drugs to meet this unmet
medical need [155]. Antifungal agents with activity against
Aspergillus have been developed, and these drugs have substantially improved the armamentarium for use in invasive
aspergillosis. These include voriconazole, posaconazole,
liposomal amphotericin B, amphotericin B lipid complex,
caspofungin, micafungin, and anidulafungin, (Table 3).

Triazole Antifungals
Voriconazole, a potent, broad-spectrum, triazole antifungal,
has become the recommended primary therapy for most
patients with invasive aspergillosis [3]. In vitro, voriconazole
demonstrates fungicidal activity against clinically relevant
Aspergillus species, including A. terreus [167]. Voriconazole,
which is available in both oral and parenteral forms, is
approved for the primary therapy of invasive aspergillosis
based on a randomized trial comparing voriconazole to
amphotericin B deoxycholate followed by other licensed
antifungal therapy [99]. In this trial, successful outcomes
occurred in 52% of voriconazole-treated patients as compared to only 31% in patients receiving amphotericin B.
Importantly, beneﬁt was demonstrated in patients at high risk
for mortality, such as stem cell transplant recipients and
those with extrapulmonary disease, including central nervous system involvement [99, 168]. A survival advantage
with voriconazole versus standard therapy was shown [99].
The beneﬁt of voriconazole has also been demonstrated in
adult and pediatric patients receiving salvage therapy for
invasive aspergillosis [169, 170]. In addition, voriconazole
has shown efﬁcacy in difﬁcult to treat aspergillosis, including successful therapy in 35% of patients with central nervous system infection and in 52% of patients with bone
infection [113, 116].
Although voriconazole is generally well tolerated and
exhibits favorable pharmacokinetics, there are a number of
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Table 3 Antifungal agents for invasive aspergillosis
Class/agent

Route of
administration

Azoles
Voriconazole

IV/oral

Posaconazole

Oral

Itraconazole
Isavuconazole

Dose

Comment
Recommended primary therapy of invasive aspergillosis in
most patients; improved survival as compared with
amphotericin B [3, 99]

Oral

6 mg/kg q12h × 2 loading dose IV;
4 mg/kg q12hr (IV); 200 mg q12h
(PO); 7 mg/kg twice daily for
children <11 year
200 mg 4× daily; 200 mg 3× daily
for prophylaxis
200 mg bid

IV/Oral

Investigational

IV

1.0–1.5 mg/kg/day

IV

3–5 mg/kg/day

IV

5 mg/kg/day

Echinocandins
Caspofungin

IV

70 mg load, then 50–70 mg/day

Micafungin
Anidulafungin

IV
IV

100 mg/day
200 mg load, then 100 mg/day

Polyenes
Amphotericin B
deoxycholate
Liposomal
amphotericin

Amphotericin B
lipid complex

considerations, including substantial drug-drug interactions,
especially with drugs metabolized through cytochrome P450
3A4 isoenzymes. These include the immunsuppressive
agents’ cyclosporine, tacrolimus, and sirolimus. The latter
agent is contraindicated because voriconazole leads to a substantial increase in sirolimus serum concentrations. The most
common adverse event associated with voriconazole is a
transient and reversible visual disturbance, which has been
reported in approximately one-third of patients receiving the
drug [99, 171]. This effect, which is dose related, is described
as an altered or increased light perception that is temporary
and is not associated with sequelae. Other adverse events
have been less common, including liver abnormalities in
15% of patients, skin rash in 6%, nausea and vomiting in 2%
and anorexia in 1%.
A major advantage of voriconazole is the ability to administer the drug both orally and parenterally. In some patients
receiving oral drugs, weight-based dosing may be beneﬁcial
[3]. Therapeutic drug monitoring for voriconazole has been
recommended in patients with toxicity as well as those with
progressive infection, as drug levels higher than 6 Pg/mL are
more likely to be associated with toxicity, and levels <2 Pg/
mL are more likely to be associated with inadequate therapeutic responses [172]. Voriconazole is primarily metabolized through cytochrome 2C19 so that some patient groups,

Efﬁcacy in salvage therapy and prophylaxis; well-tolerated;
variable bioavailability [77, 80, 156, 157]
Improved bioavailability with oral solution; toxicity limits
utility in immunosuppressed patients [1, 158]
Phase III comparative trials in progress; activity in experimental infection [159]
Previous “gold standard” therapy; signiﬁcant toxicity; limited
efﬁcacy in high-risk patients [160, 161]
Recommended as alternative primary therapy in some patients;
well tolerated; minimal infusion reactions or nephrotoxicity; 3 mg/kg/day as effective as 10 mg/kg/day as primary
therapy of invasive pulmonary aspergillosis [106]
Indicated for invasive mycoses intolerant or refractory to
standard therapy [162]
Approved for use in patients with invasive aspergillosis
refractory to or intolerant of standard therapy; well tolerated
in clinical trials; not recommended for primary therapy;
anecdotal role in combination therapy [97, 101, 163]
Efﬁcacy in salvage therapy [164]
Efﬁcacy in vitro and in experimental infection; [165, 166]
combination clinical study with voriconazole in progress

particularly non-Indian Asian patients, have signiﬁcant
reductions in voriconazole metabolism and increases in
serum concentrations [171]. Voriconazole is linear in its
metabolism in pediatric patients; a dose of 7 mg/kg twice
daily produces levels in pediatric patients similar to those in
adults receiving the standard dosage [3, 173].
Posaconazole, currently available in only an oral formulation, has been shown to have activity against Aspergillus
in vitro as well as in vivo studies [3, 156]. Posaconazole is
approved for use in prophylaxis against Aspergillus and has
activity in salvage therapy as well. Posaconazole exhibits
saturable absorption so that oral loading doses are not possible. This may impact its use for primary therapy, as steadystate levels make not be achieved for up to a week [171]. In
a salvage study of invasive aspergillosis in patients refractory to or intolerant of conventional antifungal therapy,
favorable responses were seen in 42% of patients receiving
posaconazole as compared to only 26% of patients receiving
conventional therapy [156]. An important observation in
this study was the improved outcomes associated with
higher serum levels of posaconazole. In a separate study,
posaconazole levels <0.7 Pg/mL were reported for 70% of
samples, and 16% of samples had undetectable levels.
Accordingly, measurement of serum levels in critically ill
patients is advised [157].
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Posaconazole has been generally well tolerated; however,
in one large trial in patients with acute leukemia or myelodysplasia, there was more toxicity shown in those receiving
posaconazole prophylaxis than in those receiving ﬂuconazole or itraconazole prophylaxis [77]. Posaconazole undergoes glucuronidation by the liver and has the capacity for
drug-drug interactions through inhibition of CYP450 3A4
isoenzymes, although liver toxicity appears less common
than with other azoles [171].
Itraconazole is approved for salvage therapy of aspergillosis, but its utility is limited by its toxicity and unfavorable
pharmacokinetic proﬁle. Itraconazole is currently available
in an oral capsule formulation, which is poorly bioavailable,
and an oral suspension, which offers better absorption but
has limited gastrointestinal tolerability [171]. An intravenous
itraconazole preparation is no longer available. In less immunosuppressed patients who are able to take oral therapy, itraconazole has been shown to be effective and is usually used
for those who have saprophytic or allergic diseases associated with Aspergillus and as step-down therapy for patients
who were initially treated with an intravenous antifungal
agent [1].
Isavuconazole is an investigational triazole in clinical
development which is a broad-spectrum agent with activity
in vitro and in vivo against Aspergillus species and is available orally as well as intravenously [159]. Isavuconazole is
currently undergoing evaluation in comparative trials for
invasive aspergillosis.

Polyenes
Overall response rates for amphotericin B deoxycholate,
which was the recommended therapy for invasive aspergillosis for more than 40 years, were favorable in only about
25% of patients. Among severely immunosuppressed
patients, such as those undergoing hematopoietic stem cell
transplantation, response rates were favorable in only
10–15% [1, 99]. A number of studies have demonstrated the
limited efﬁcacy and signiﬁcant dose-limiting toxicities,
including higher mortality rates and overall higher costs of
care, associated with amphotericin B deoxycholate when
given in high doses for mould infections, such as those due
to Aspergillus [160, 161].
Recommendations regarding the role of lipid formulations of amphotericin B in invasive aspergillosis are limited
because few randomized trials have been conducted with
these agents [3]. One early trial with amphotericin B colloidal dispersion showed similar efﬁcacy compared with
amphotericin B deoxycholate and less renal toxicity, but the
colloidal dispersion formulation was associated with more
toxicity than other lipid formulations, did not improve

outcomes, and is rarely clinically used [98]. Other studies
have established the improved efﬁcacy and reduced toxicity
of the lipid-based agents in salvage settings, and all lipid formulations are approved for this indication [3].
A meta-analysis of studies using lipid formulations of
amphotericin B showed reduced nephrotoxicity and favorable
results as salvage therapy for invasive aspergillosis [174]. A
recent clinical trial of primary therapy for invasive pulmonary
aspergillosis compared the utility of two doses of liposomal
amphotericin B (3 mg/kg daily vs 10 mg/kg daily) for 2 weeks
followed by standard therapy [106]. In this study, similar efﬁcacy was observed in both groups (46% and 50% in the low
and high initial dose therapy, respectively), with more kidney
and liver toxicity in the high-dose group. Thus, these results
suggest that liposomal amphotericin B can be recommended
as primary therapy in patients for whom voriconazole is contraindicated because of underlying hepatic toxicity or because
of concerns with drug interactions [3].

Echinocandins
The echinocandins all have activity against Aspergillus [165,
175, 176]. These agents, which are administered intravenously, target glucan synthase, the enzyme that is needed for
synthesis of beta-1,3-glucan in fungal cell walls [177]. FDAapproved agents in this class are caspofungin, micafungin,
and anidulafungin. Caspofungin is approved for treatment of
patients refractory to or intolerant of standard therapies for
invasive aspergillosis [3]. In an open-label trial for such
patients, caspofungin was demonstrated to produce satisfactory clinical responses in 41% (22/54) of patients studied
[97]. Micafungin has also been evaluated in a salvage setting
with similar clinical results [164].
The echinocandins are not fungicidal against Aspergillus
species, but do signiﬁcantly alter growth of the hyphae [177].
In a recent study evaluating caspofungin as primary therapy
for invasive aspergillosis, overall responses were disappointingly low (33%), suggesting that echinocandins should not
be used as ﬁrst-line therapy for invasive aspergillosis [101].
An important point is that all of the echinocandins have been
extremely well tolerated with few clinically signiﬁcant
adverse events.

Combination Therapy
The clinical availability of several antifungal drugs and drug
classes with activity against Aspergillus has increased interest
in combination antifungal therapy for this potentially lethal
disease. Early studies in this area were performed in
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experimental animal models and in vitro and showed
antagonism between amphotericin B and ketoconazole, an
early imidazole with limited Aspergillus activity [178]. This
antagonism occurred with pretreatment of Aspergillus with
the imidazole, reducing cell wall ergosterol and eliminating
the site of action of amphotericin B. However, studies with
newer azoles have not consistently shown this antagonistic
effect [179].
Other combinations have been evaluated, including
amphotericin B and rifampin, amphotericin B and ﬂucytosine, and others, such as terbinaﬁne [180]. Problems with
rifampin combined with azoles include increased metabolism
of the azole drugs, which obviates their use and makes this
combination unattractive. Similarly, ﬂucytosine has limited
activity against Aspergillus and can cause pancytopenia that
worsens immunosuppression. Recent animal model studies
and retrospective anecdotal clinical reports have demonstrated
the potential efﬁcacy of reducing the burden of infection by
using echinocandins in combination with triazoles or polyene
therapy [163, 166, 175, 181]. Although clinical studies using
combination antifungal therapy are in progress, at present the
routine use of combination therapy for primary therapy of
invasive aspergillosis is not recommended [3].

Adjunctive Therapies
The role of adjunctive therapies for management of invasive
aspergillosis has not been well studied. Surgical removal of
isolated pulmonary nodules prior to additional immunosuppressive therapies has been shown to improve outcome of
infection [105, 107]. In other cases, medical therapy with
voriconazole alone may be successful without the need for
surgery [3]. Other therapies, such as granulocyte transfusions,
granulocyte and granulocyte-macrophage colony-stimulating
factors, and interferon-gamma have been shown in anecdotal
reports to improve outcomes in individual patients. Currently,
these approaches are not recommended for routine use
because improved responses and survival rates have not been
conclusively demonstrated [3].

Approach to Management
Guidelines for treating invasive aspergillosis have been recently
published by the Infectious Diseases Society of America [3].
There are still a limited number of randomized clinical trials to
guide recommendations for therapy. Gaps in knowledge exist
in a number of difﬁcult situations, such as selection of therapy
for patients in whom primary therapy is not successful and
when to consider using combination therapy. Nevertheless, the
guidelines suggest that in high-risk patients a prompt diagnosis
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and aggressive antifungal therapy may improve the outcome of
this disease [3]. Unfortunately, even aggressive antifungal therapy is unlikely to be successful unless the underlying state of
immunosuppression of the patient improves. Diagnostic measures such as cultures from respiratory samples, CT scans, and
non-culture-based methods can all be used to facilitate earlier
and more precise diagnosis.
Voriconazole is the recommended primary therapy in
most patients. Lipid formulations of amphotericin B are recommended as alternative primary therapy in patients for
whom voriconazole is contraindicated. A number of options
exist for salvage therapy, including triazole antifungals, such
as posaconazole or voriconazole, lipid formulations of
amphotericin B, and the echinocandins. Combination therapy is not recommended for routine use as primary therapy
but may be considered in patients with progressive infection,
pending completion of ongoing clinical trials. Optimal duration of therapy is unknown, but improvement in underlying
immunosuppression is critical to a successful outcome.

Prevention and Prophylaxis
Prevention of invasive aspergillosis in high-risk patients
remains a difﬁcult challenge. Outbreaks of Aspergillus infections have been linked to hospital construction, contaminated
ventilations systems, operating rooms, and contaminated
water [40, 69, 85]. It is important to recognize that high-risk
immunosuppressed patients now spend much of their treatment
course in the outpatient setting; consequently, communityacquired infection is also common [85]. Prevention of nosocomial aspergillosis in the highest-risk populations is difﬁcult
even when state-of-the-art air control systems, such as pointof-use HEPA ﬁlters, frequent air exchanges, and positivepressure ventilation, are used [69, 83] High-risk patients also
can have exposures in the hospital setting outside of the protective environment of their hospital room [84].
Antifungal prophylaxis using agents with activity against
Aspergillus has been limited due to lack of available agents
and the toxicity of amphotericin B. Agents evaluated for prophylaxis include low-dose amphotericin B, low-dose lipid
formulations of amphotericin B, and nasal and aerosolized
forms of amphotericin B. None of these have been conclusively demonstrated to have efﬁcacy in large, randomized
clinical trials. Itraconazole has been suggested to have beneﬁt in preventing mold infections, but poor tolerance by
high-risk patients has limited its use [158, 182]. Itraconazole
was shown to reduce the incidence of invasive aspergillosis
in a long-term single-arm study in patients with chronic
granulomatous disease [183]. Similarly, aerosolized liposomal
amphotericin B reduced breakthrough infection in a singlecenter study [184].

Aspergillosis

Two randomized trials have established the safety and
efﬁcacy of posaconazole in high-risk patients. Posaconazole,
when compared with ﬂuconazole, in patients with severe
graft-versus-host disease, reduced the number of breakthrough Aspergillus infections [80]. In another study, in
patients with acute myelogenous leukemia or myelodysplasia, posaconazole was compared to ﬂuconazole or itraconazole [77]. In that study, posaconazole reduced breakthrough
mycoses, including aspergillosis, and improved survival
rates. There were more serious adverse events in patients
receiving posaconazole, but prophylaxis was generally well
tolerated. Thus, posaconazole prophylaxis is recommended
for patients at highest risk for invasive aspergillosis [3].
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Mucormycosis and Entomophthoramycosis (Zygomycosis)
Ashraf S. Ibrahim, John E. Edwards, Jr, Scott G. Filler, and Brad Spellberg

Previously the term zygomycosis was used to refer to
infections caused by fungi belonging to the phylum
Zygomycota, class Zygomycetes, orders Mucorales and
Entomophthorales. However, a more recent classification
based on molecular phylogenetic studies of rRNA, tef1,
and rpb1, has abolished the class Zygomycetes and
instead distributes fungi previously in the phylum
Zygomycota into the phylum Glomeromycota and four
subphyla, including Mucoromycotina, Kickxellomycotina,
Zoopagomycotina,
and
Entomophthoromycotina
(Table 1) [1]. Therefore, the term zygomycosis, which
has been used by clinicians and mycologists for decades,
is no longer relevant to fungal taxonomy. Both terms,
mucormycosis and zygomycosis, are used throughout
this book, reflecting the recent changes in nomenclature
and the slower evolution of clinical parlance.
Fungi of the subphylum Mucormycotina, order Mucorales,
are distributed into six families, all of which can cause cutaneous
and deep infections in immunocompromised patients (Fig. 1)
[2]. In contrast, the subphylum Entomophthoromycotina, order
Entomophthorales, contains two families of organisms that
cause subcutaneous and mucocutaneous infections primarily in
immunocompetent children (Fig. 1) [3]. Because infections
caused by organisms of the order Mucorales differ both clinically and pathologically from infections caused by organisms
of the order Entomophthorales, we use the term mucormycosis
to refer to infections caused by organisms belonging to the
order Mucorales and entomophthoramycosis for infections
caused by organisms of the order Entomophthorales. This
chapter will be devoted to the more common problem of
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mucormycosis, and a small section at the end of the chapter
deals with entomophthoramycosis.

Mycology
Fungi of the order Mucorales are classiﬁed into six different
families based on morphologic analysis of the fungi, including
the presence and location of rhizoids, the presence of apophyses, and the morphology of the columellae [3]. Other taxonomically relevant features include carbohydrate assimilation
and the maximal growth temperature. Because the diseases
caused by the different families of Mucorales are clinically
indistinguishable from each other, laboratory conﬁrmation of
the identity of the causative agent is the only way to differentiate among these fungi. The identiﬁcation of organisms isolated from patients with mucormycosis to the species level is
necessary to clarify the epidemiology of this infection and
may be helpful in predicting susceptibility to different antifungal drugs.
Fungi in the family Mucoraceae are isolated more frequently from patients with mucormycosis than any other
family. Rhizopus oryzae (Rhizopus arrhizus) is the most
common cause of infection, representing approximately 70%
of all cases, followed by Rhizopus microsporus var. rhizopodiformis [2, 4]. Other, less frequently isolated species of the
Mucoraceae family that cause a similar spectrum of infections include Absidia corymbifera, Apophysomyces elegans,
Mucor species, and Rhizomucor pusillus [2, 5]. Other
organisms, such as Cunninghamella bertholletiae in the
Cunninghamellaceae family have been increasingly isolated
from patients with pulmonary, disseminated, and cutaneous
mucormycosis [6–9]. Additionally, Saksenaea vasiformis in
the Saksenaceae family has been reported as a cause of cutaneous [10], subcutaneous [11, 12], rhinocerebral [13], and
disseminated infections [14, 15]. Rare cases of mucormycosis
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Table 1 New taxonomy of fungi previously belonging to the phylum
Zygomycota (Adapted from [1])
Rank

Taxon

Phylum
Subphylum
Order
Subphylum
Order
Subphylum
Order
Subphylum
Order

Glomeromycota
Mucoromycotina
Mucorales, Endogonales, Mortierellales
Entomophthoromycotina
Entomophthorales
Zoopagomycotina
Zoopagales
Kickxellomycotina
Kickxellales, Dimargaritales, Harpellales,
Asellariales

Fig. 1 Families of the order Mucorales (Adapted from [2])

have been reported due to Cokeromyces recurvatus in the
Thamnidiaceae family [16], Mortierella species in the
Mortierellaceae family [2] and Syncephalastrum species in
the Syncephalastraceae family [17].

Epidemiology
Agents of mucormycosis are ubiquitous and thermotolerant
organisms that usually grow in decaying matter, including
bread, vegetables, fruits, and seeds. They can also be recovered from soil, compost piles, and animal excreta. Most of
the Mucorales can grow and sporulate abundantly on any
carbohydrate-containing source. Abundant growth with sporulation is usually seen in culture media within 2–5 days.
The spores are easily airborne, and Mucorales are readily
recovered as contaminants in laboratory cultures. Indeed, the
ability of R. microsporus var. rhizopodiformis to grow on
nonsterile wooden sticks used for culturing stool samples
from immunocompromised patients has led to misdiagnosis
of patients with gastrointestinal mucormycosis [18].
Members of the Mucorales cause both localized and disseminated infections in immunocompromised patients. Only
rare case reports of invasive mucormycosis in apparently
normal hosts have been described [19, 20], although local
cutaneous infections may occur in patients who have had
traumatic implantation of soil or plant material [21]. Allergic

pulmonary disease does occur in immunocompetent hosts
and reﬂects an acute hypersensitivity immune response illness
rather than invasive disease [22, 23].
Mucormycosis is relatively uncommon in neutropenic
patients compared to other fungal infections. However, there
has been an alarming rise in the incidence of mucormycosis
at major transplant centers. For example, at the Fred
Hutchinson Cancer Research Center, Marr et al. described a
greater than two-fold increase in the number of cases from
1985–1989 to 1995–1999 [24]. Kontoyiannis et al. described
a similar increase in the incidence of mucormycosis at MD
Anderson Cancer Center over a similar time span [25]. In
fact, in high-risk patients the prevalence of mucormycosis
has been described to be as high as 3% [26, 27], and up to 8%
in autopsied patients with leukemia [28]. Because the number of iatrogenically immunocompromised patients continues to rise, it is likely that the incidence of mucormycosis
will also increase [2, 4].
The major risk factors for mucormycosis include uncontrolled diabetes mellitus and other forms of metabolic acidosis, treatment with corticosteroids, especially in patients who
have received an organ or bone marrow transplant, have
experienced trauma or burns, have malignant hematologic
disorders, or have received deferoxamine therapy to chelate
iron in iron overload states. The underlying causes inﬂuence
the clinical manifestations of the disease. For example,
diabetics in ketoacidosis usually develop rhinocerebral
mucormycosis, although other forms of the disease, such as
pulmonary or disseminated infections may occur, whereas
patients with malignant hematologic disease, lymphoma, or
severe neutropenia usually develop pulmonary mucormycosis [4]. Both rhinocerebral and pulmonary mucormycosis are
acquired through inhalation [2, 29]. Other routes of infection
include direct implantation into skin, causing local cutaneous infection, and ingestion of contaminated food, which
leads to gastrointestinal mucormycosis in highly immunocompromised patients and premature neonates.

Pathogenesis
Host Defenses
The pathogenesis of mucormycosis has been investigated in
both in vitro and in animal models. Animal models have
included mice or rabbits with mild diabetic ketoacidosis
induced by streptozotocin or alloxan, cortisone-treated mice,
neutropenic mice, and deferoxamine-treated animals.
Inhalation of Mucorales spores by immunocompetent animals does not result in the development of mucormycosis
[30]. In contrast, when the animals are immunosuppressed
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by corticosteroids or by induction of diabetes, the animals
die from progressive pulmonary and hematogenously disseminated infection [30, 31].
The ability of inhaled spores to germinate and form hyphae in
the host is critical for establishing infection. Bronchoalveolar
macrophages harvested from lungs of immunocompetent mice
are able to ingest and inhibit germination of R. oryzae spores,
preventing progression of the disease [30]. However, these
bronchoalveolar macrophages have limited capacity to kill the
organism; viable organisms can still be recovered from the
phagolysosomes. In contrast, bronchoalveolar macrophages
of immunosuppressed mice are unable to prevent germination
of the spores in vitro or after intranasal infection [30].
Severely neutropenic patients are at increased risk for
developing mucormycosis. In contrast, patients with the
acquired immunodeﬁciency syndrome (AIDS) do not seem
to be at increased risk for developing mucormycosis [3].
These ﬁndings suggest that neutrophils, but not necessarily T
lymphocytes, are critical for inhibiting fungal spore proliferation. Recruitment of neutrophils to sites of infection
occurs in response to fungal constituents and activation of
the alternative complement pathway [32, 33]. Both mononuclear and polymorphonuclear phagocytes of normal hosts
kill Mucorales by generating oxidative metabolites and the
cationic peptides, defensins [30, 34, 35]. In the presence of
hyperglycemia and low pH, as found in patients with diabetic ketoacidosis, phagocytes are dysfunctional and have
impaired chemotaxis and defective intracellular killing by
both oxidative and nonoxidative mechanisms [36]. The exact
mechanisms by which ketoacidosis, diabetes, and corticosteroids impair the function of these phagocytes remain
unknown. Furthermore, phagocyte dysfunction alone cannot
explain the high incidence of mucormycosis in patients with
diabetic ketoacidosis because the incidence of mucormycosis in these patients is increased much more than infections
caused by other pathogens [3–5]. Therefore, Mucorales must
possess unique virulence traits that enable the organism to
survive in this subset of patients.

The Role of Iron in Pathogenesis
It has recently been discovered that a speciﬁc factor that
uniquely predisposes patients in diabetic ketoacidosis to
mucormycosis is the level of available unbound iron in serum
[37, 38]. Iron is required by virtually all microbial pathogens
for growth and virulence [39]. In mammalian hosts, very
little serum iron is available to microorganisms because it is
highly bound to host carrier proteins, such as transferrin [37].
Sequestration of serum iron is a major host defense mechanism against microbes in general and Mucorales in particular, because Rhizopus grows poorly in normal serum unless
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exogenous iron is added [37, 38]. Furthermore, the bacterial
siderophore, deferoxamine, predisposes patients to Rhizopus
infection by acting as a xenosiderophore, which supplies previously unavailable iron to the fungus [38]. The mechanism
by which Rhizopus obtains iron from the iron-deferoxamine
complex involves binding of this complex to the mold, followed by active reduction of the iron by the fungus, resulting
in release of iron from deferoxamine and subsequent transport of the reduced iron intracellularly [40]. This transport is
likely mediated by iron permeases. Administration of deferoxamine worsens survival of guinea pigs infected with
Rhizopus but not Candida albicans [38, 40, 41]. Additionally,
in vitro studies of radiolabeled iron uptake from deferoxamine in serum show that Rhizopus is able to incorporate eightfold and 40-fold more iron than is Aspergillus fumigatus and
C. albicans, respectively [38].
As mentioned previously, patients with diabetic ketoacidosis are at high risk of developing rhinocerebral mucormycosis [3–5]. These patients have elevated levels of available
iron in their serum, and such serum supports growth of R.
oryzae at acidic pH (7.3–6.88) but not at alkaline pH (7.7–
8.38) [37]. Sera that did not support R. oryzae growth at acidic
pH had less available iron than sera that supported fungal
growth. Furthermore, adding exogenous iron to sera allowed
R. oryzae to grow profusely at acidic conditions but not at
pH t 7.4. Finally, simulated acidotic conditions decreased the
iron-binding capacity of sera collected from normal volunteers, suggesting that acidosis temporarily disrupts the capacity of transferrin to bind iron, probably by proton-mediated
displacement of ferric iron from transferrin [42].
Recent animal data showed that mice with diabetic
ketoacidosis were protected from Rhizopus infection by
administering iron chelators, such as deferiprone and deferasirox [43, 44], that are not utilized by Mucorales as xenosiderophores. These studies lend support to the hypothesis that
increased susceptibility of patients with diabetic ketoacidosis to mucormycosis is likely due in part to an elevation in
available serum iron.
Fungi can obtain iron from the host by using lowmolecular-weight iron chelators (siderophores) or high-afﬁnity iron permeases [39, 45]. Because the siderophores of
Rhizopus species are very inefﬁcient at obtaining iron from
serum [38, 40], it is believed that these siderophores contribute very little to the ability of this organism to grow in patients
who are receiving deferoxamine or who have diabetic ketoacidosis. The high-afﬁnity iron permeases are able to transport
serum iron intracellularly, and are therefore likely to be critical for the survival of the organism in susceptible hosts.
Indeed recent data show that the high-afﬁnity iron permease
(rFTR1) is expressed by R. oryzae during murine infection.
Inhibition of rFTR1 gene expression by RNA-i or reduction
of rFTR1 copy number by gene disruption reduces the virulence of the fungus in animal models of mucormycosis [46].
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A third mechanism by which fungi can obtain iron from
the host is through utilization of hemin [47, 48]. The Rhizopus
genome project revealed two homologues (RO3G_07326
and RO3G_13316) of the heme oxygenase (CaHMX1) [49].
These two R. oryzae homologues may enable R. oryzae to
obtain iron from host hemoglobin, and might explain the
angioinvasive nature of R. oryzae.

Mucorales–Endothelial Cell Interactions
A hallmark of mucormycosis is the virtually uniform presence
of extensive angioinvasion with resultant vessel thrombosis
and tissue necrosis [4, 50]. This angioinvasion likely contributes to the capacity of the organism to hematogenously disseminate to other target organs. Therefore, damage of and
penetration through endothelial cells or the extracellular matrix
proteins lining blood vessels is likely a critical step in R. oryzae’s pathogenetic strategy. An earlier study showed that
R. oryzae can adhere to the extracellular matrix laminin and
type IV collagen [51]. More recently, it has been shown that
R. oryzae spores and hyphae are able to damage human umbilical vein endothelial cells in vitro [52]. It has also been shown
that injury requires adherence of the fungus to endothelial
cells followed by invasion into the cells. Adherence to endothelial cells is believed to be mediated by a speciﬁc receptor since
it was found to be saturable [52]. Glucose-regulated protein
(GRP78) acts as a receptor which mediates penetration through
and damage of endothelial cells by Mucorales. GRP78 (also
known as BiP/HSPA5) is a member of the HSP70 protein family, and some of it is located on the cell surface [53]. It is a key
regulator of the unfolded protein response (UPR) [54].
Interestingly, elevated concentrations of glucose and iron
consistent with those noted during diabetic ketoacidosis
enhanced surface GRP78 expression and resulting penetration through and damage of endothelial cells by Mucorales
in a receptor-dependent manner. Mice with diabetic ketoacidosis have enhanced susceptibility to mucormycosis and
have increased expression of GRP78 in the sinus, lungs, and
brains when compared with normal mice. Anti-GRP78
immune serum protects mice in DKA from mucormycosis
[55]. These observations provide novel insight into the etiology of the unique susceptibility of diabetic ketoacidosis
patients to mucormycosis and could provide a foundation for
novel therapeutic interventions.

Mycotoxins
Rhizopus species are also known for their ability to produce
mycotoxins, such as the macrocyclic polyketide metabolite,
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rhizoxin, as well as the cyclic peptides, rhizonins A and B
[56]. A recent study demonstrated that the mycotoxin
rhizoxin is not biosynthesized by Rhizopus itself, but rather
by an intracellular, symbiotic bacterium of the genus
Burkholderia [57]. This bacterium is sensitive to antibiotics
belonging to the ﬂuoroquinolone family. For example,
rhizoxin production is completely abrogated when Rhizopus
is grown in media containing 40 Pg/mL of ciproﬂoxacin
[57]. Rhizoxin has long been known to be crucial to the plant
pathogenic strategy of Rhizopus, but it does not appear to
have a substantive role in causing mammalian disease.
Organisms that have been rendered bacteria-free by ciproﬂoxacin treatment or those that cannot produce rhizoxin
because of the absence of Burkholderia are still pathogenic
in mouse and fruit ﬂy models of infection [58].
Other putative virulence factors include the ability of
Rhizopus to secrete lytic enzymes, including aspartic proteinases [59]. Additionally, Rhizopus species have an active
ketone reductase system which may be an additional virulence factor that functions by enhancing growth in the acidic
and glucose-rich environment seen in ketoacidotic states
[60]. To date, none of these potential virulence factors have
been deﬁnitively proven to be essential for the development
of mucormycosis.

Clinical Manifestations
Based on clinical presentation and the involvement of a particular anatomic site, mucormycosis can be divided into at
least ﬁve categories: (1) rhinocerebral, (2) pulmonary, (3)
cutaneous, (4) gastrointestinal, and (5) disseminated.

Rhinocerebral
Rhinocerebral mucormycosis is the most common form of
the disease, representing between one third to one half of all
cases [61]. About 70% of cases of rhinocerebral (occasionally referred to as craniofacial) mucormycosis are found in
diabetic patients with ketoacidosis [4, 62]. Rhinocerebral
mucormycosis is increasingly being encountered in patients
receiving high doses of corticosteroids, such as those with
rheumatologic disorders, and those who have received an
organ transplant [61, 63–65].
The initial presentation is often consistent with sinusitis,
including facial pain, unilateral headache, proptosis, and soft
tissue swelling. Fever is frequently, but not invariably, present.
The infection may rapidly extend into the neighboring tissues.
Infected tissues are initially erythematous, then violaceous,
and ultimately black as tissue infarction develops (Fig. 2).
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Fig. 2 Rhinocerebral mucormycosis in a pregnant woman who had
diabetic ketoacidosis. Note bilateral swelling and infarction of skin of
nose and infranasal tissue. There was also gangrenous ulceration of the
palate

Fig. 3 Rhinocerebral mucormycosis in a patient who had diabetic
ketoacidosis. Note swelling, erythema, proptosis, ptosis, and peripheral
left facial nerve palsy

Infection can sometimes extend from the sinuses into the
mouth and produce painful, necrotic ulcerations of the hard
palate. If untreated, infection usually spreads from the ethmoid
sinus to the orbit, resulting in loss of extraocular muscle function, proptosis, and chemosis. Involvement of the optic nerve
is manifested by blurred vision and eventually blindness. The
trigeminal nerve may be affected, resulting in ptosis and pupillary dilation. Cranial nerve ﬁndings represent extensive infection and portend a grave prognosis (Fig. 3).
Infection can spread posteriorly from the orbit or sinuses
to the central nervous system. Clinicians should consider the
possibility of mucormycosis of the central nervous system in
patients with diabetic ketoacidosis with mental status changes
that persist after metabolic abnormalities have been corrected. The angioinvasive nature of the fungus may result in
cavernous sinus and internal carotid artery thrombosis [66],
and occasionally may lead to hematogenous dissemination
of the infection [61, 67].
Prior to the availability of antifungal agents, rhinocerebral
mucormycosis was almost universally fatal [67]. Although
the mortality rate associated with rhinocerebral disease
remains high, cure is likely when diagnosed early and treated
aggressively with surgery and antifungal agents [68, 69].
Disease limited to the sinuses or orbit has a mortality rate of
<40% with aggressive therapy, whereas disease extending
into the central nervous system results in mortality rates
>60%. The nature of the underlying disease and the reversibility of immune dysfunction are the most important determinants of survival. One study showed that among patients

with rhinocerebral disease, survival was 75%, 60%, and 20%
for patients with no underlying immunosuppression, diabetes, and immunosuppression, respectively [70].

Pulmonary
Pulmonary mucormycosis occurs most commonly in patients
with profound and prolonged neutropenia, such as that noted
in patients with leukemia or recipients of a hematopoietic
stem cell transplant. Such patients have usually received
broad-spectrum antibiotics for unremitting fever [24, 71].
Patients with diabetic ketoacidosis can also develop pulmonary mucormycosis, although infections in these patients
may be less fulminant and follow a more subacute course
than is typically seen in patients with neutropenia [72, 73].
Pulmonary mucormycosis may develop as a result of inhalation or by hematogenous or lymphatic spread. Symptoms
include fever, dyspnea, and cough. Angioinvasion results in
tissue necrosis associated with hemoptysis, which may be
fatal if a large blood vessel is involved [74, 75]. If infection
is not treated, hematogenous dissemination to the contralateral lung and other organs occurs frequently. Patients with
untreated pulmonary mucormycosis usually succumb to
complications of disseminated disease [73]. When it occurs
in isolation, pulmonary mucormycosis associated mortality
is approximately 50–70%; it is almost universally fatal if a
manifestation of disseminated disease [73, 76].
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Cutaneous

Gastrointestinal

Cutaneous mucormycosis can occur following traumatic
implantation of soil or plant material, such as occurs after
motor vehicle accidents. In diabetic or immunocompromised
patients, cutaneous lesions may arise at an insulin injection or
catheter insertion site [77]. A large epidemic of cutaneous
mucormycosis was reported in patients who had contaminated
surgical dressings applied to their skin [78, 79]. Cutaneous
mucormycosis may also occur in burn patients [80].
Although this form of disease usually arises from primary
inoculation of the infection site, it sometimes is due to disseminated disease. These two routes of infection have distinct
clinical presentations. Primary infection produces an acute
inﬂammatory response with purulence, abscess formation, tissue swelling, and necrosis. The lesions may appear red and
indurated, and often progress to black eschars. The necrotic
tissue may slough and produce large ulcers. Primary cutaneous
disease, which may be polymicrobial, is usually rapidly progressive even in the face of appropriate debridement and medical treatment. Occasionally, aerial mycelia may be visible on
the surface of the cutaneous lesion. This form of cutaneous disease can be very invasive locally, and penetrate from the cutaneous and subcutaneous tissues into the adjacent fat, muscle,
fascia, and bone. Cutaneous and subcutaneous disease may
lead to necrotizing fasciitis, which has a mortality rate approaching 80% [81–83]. Secondary vascular invasion may also lead to
hematogenously disseminated infection of the deep organs.
When cutaneous mucormycosis results from hematogenously
disseminated infection, the lesion typically begins as an erythematous, indurated, and painful cellulitis, progressing to an
ulcerative lesion covered by a black eschar (Fig. 4).

Mucormycosis of the gastrointestinal tract is rare, but it is
increasingly encountered in nosocomial settings. It is thought
to arise from ingestion of the fungi. In the past, this was seen
almost exclusively among patients who were extremely malnourished, especially infants and children [84, 85]. More
recently, nosocomial infections have been described in neutropenic or other critically ill patients, sometimes resulting
from primary contamination of a medication or from the contaminated wooden applicator sticks used to mix medication
slurries. Symptoms of gastrointestinal mucormycosis are varied and depend on the affected site. Abdominal pain and
symptoms of intestinal obstruction such as distention, nausea,
and vomiting are the most common symptoms. Fever and
hematochezia may also occur. The diagnosis is usually made
by biopsy of the involved area during surgery or endoscopy.

Disseminated
Hematogenously disseminated mucormycosis may originate
from any primary site of infection. Pulmonary mucormycosis
in severely neutropenic patients has the highest incidence of
dissemination. Less commonly, dissemination can arise from
the gastrointestinal tract, the sinuses, or cutaneous lesions,
particularly in burn patients. The most common site of dissemination is the brain, but metastatic lesions may be found in
any organ, especially the spleen, heart, and skin. Cerebral
infection following dissemination is distinct from rhinocerebral mucormycosis, and results in abscess formation and
infarction. Patients may present with an insidious onset of
neurologic symptoms, or with more sudden development of
focal neurologic deﬁcit, altered mental status, and coma. The
mortality rate associated with dissemination to the brain
approaches 100% [86]. With or without central nervous system involvement, disseminated mucormycosis has a mortality
rate >90% [76]. Agents of Mucorales may cause infection in
virtually any body site. Central nervous system involvement in
the absence of sinus infection, endocarditis, and pyelonephritis occur occasionally, usually in the context of intravenous
drug use [87–90]. Other reports have described mucormycosis
in osteoarticular structures, mediastinum, trachea, superior
vena cava, and as a cause of external otitis [91–97].

Diagnosis
Fig. 4 Cutaneous mucormycosis in a patient who had acute leukemia.
Note the black eschar with surrounding erythema. The lesion was quite
painful (Courtesy of Dr. Dimitrios Kontoyiannis)

A high index of suspicion is required to make the diagnosis
of mucormycosis. Autopsy series demonstrate that up to half
of cases are diagnosed postmortem [98, 99]. Because the
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Mucorales are environmental isolates, establishing a deﬁnitive
diagnosis requires a positive culture from a sterile site obtained
by a needle aspirate or a tissue biopsy or histopathologic
evidence of invasive disease [4]. A probable diagnosis of
mucormycosis can be established by culture from a nonsterile site, such as sputum or bronchoalveolar lavage, in a patient
with appropriate risk factors and clinical and radiographic
evidence of disease.
Despite the fact that the Mucorales grow quite quickly on
laboratory culture media, cultures may be negative in up to half
of patients with mucormycosis. The primary reason for negative cultures from affected tissues is that the organism is killed
during tissue grinding, which is routinely used to process tissue
specimens for culture in clinical microbiology laboratories.
When mucormycosis is a diagnostic consideration, the clinical
microbiology laboratory should be notiﬁed so that tissue for
culture may be placed in whole sections or cubes in the center
of a culture plate, rather than subjected to routine homogenization prior to inoculation on artiﬁcial media.
There are no reliable serologic or skin tests for mucormycosis; the diagnosis is usually made by examination of biopsy
or cytologic material. The characteristic histologic appearance is the presence of wide, ribbon-like, aseptate hyphae
that branch at right angles (Fig. 5). The organisms are often
surrounded by extensive necrotic debris. Other fungi including Aspergillus, Fusarium, or Scedosporium species may
appear similar to Mucorales on biopsy, but these molds are
usually thinner, septate, and branch at acute angles. The
genus and species of the infecting organism are determined
by morphologic identiﬁcation and sporulation patterns of the
fungi isolated in culture.
Routine imaging with CT may be an insensitive means of
determining the extent of disease among patients with rhinoorbital-cerebral disease, sometimes demonstrating only sinus
involvement [100]. MRI is more sensitive than CT scans for

Fig. 5 Periodic acid–Schiff stain of excised tissue from the sinus of a
patient with rhinocerebral mucormycosis. Note the wide, ribbon-like
hyphae that branch at right angles and that do not show septae

detecting orbital and CNS involvement [100]. Only rarely is
a retro-orbital mass seen on CT scans among patients with
orbital mucormycosis and proptosis.
CT scans are useful for early detection of pulmonary
mucormycosis, particularly in patients with cancer. By logistic regression, pulmonary mucormycosis in patients with
cancer could be distinguished from aspergillosis on the basis
of the presence of sinusitis, multiple (t10) nodules by CT
scan, and pleural effusion [101]. Also, a recent retrospective
study reported that seven of eight immunocompromised
patients treated at a cancer center who had a “reverse halo”
sign (focal area of ground-glass attenuation surrounded by a
ring of consolidation) on chest CT scan had mucormycosis
rather than infections with other molds [102]. The reverse
halo sign was seen early in the disease course of these
patients. Further reﬁnement of radiographic techniques for
distinguishing mucormycosis from other infectious and noninfectious diseases is an important area of future research.
The diagnosis of disseminated disease is made difﬁcult
because patients are usually ill with multiple comorbid conditions and virtually always have negative blood cultures. In
the appropriate patient, evidence of infarction in multiple
organs should suggest a diagnosis of mucormycosis. Other
disseminated mycoses, especially aspergillosis, may present
with an identical clinical picture. Patients with suspected disseminated mucormycosis should undergo a careful search
for unexplained cutaneous lesions for biopsy.

Treatment
Four factors are critical for eradicating mucormycosis:
rapidity of diagnosis; reversal of the underlying predisposing factors, if possible; appropriate surgical debridement of
infected tissue; and appropriate antifungal therapy. Early
diagnosis is important because small, focal lesions can often
be surgically excised before they progress to involve critical
structures or disseminate. Moreover, early initiation of polyene therapy within 5 days of diagnosis has been associated
with improvement in survival [103]. Hence, establishing an
early diagnosis of mucormycosis and early appropriate therapeutic intervention is critical to optimize long-term outcomes. Correcting or controlling predisposing problems is
also essential for improving the treatment outcome. In diabetic ketoacidotic patients, hyperglycemia and acidemia
should be corrected. Discontinuation of deferoxamine or
immunosuppressive therapy, particularly corticosteroids,
should be strongly considered when the diagnosis of mucormycosis is made.
Surgical debridement of the infected and necrotic tissue
should be performed on an urgent basis. In rhinocerebral
mucormycosis, early surgical excision of the infected sinuses
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and appropriate debridement of the retro-orbital space can
often prevent extension into the eye and obviate the need for
enucleation. It is important to emphasize that during orbital
surgery among patients with presumed mucormycosis, it is
necessary to biopsy the extraocular muscles, since they may
appear normal despite extensive fungal involvement. Repeated
surgical exploration of the sinuses and orbit may be necessary
to ensure that all necrotic tissue has been debrided and the
infection has not progressed. Among patients with pulmonary
mucormycosis, surgical treatment plus antifungal therapy
greatly improves outcome compared to the use of antifungal
therapy alone [73]. Moreover, surgery was found to be an
independent variable predicting a favorable outcome in
patients with mucormycosis [104].

Polyenes
Amphotericin B deoxycholate (AmB-d) is the only antifungal agent approved for the treatment of mucormycosis [3–5].
Because many Mucorales isolates are either relatively or
highly resistant to AmB-d, high doses of this drug are
required. AmB-d should be administered at 1.0–1.5 mg/kg/
day initially. However, this dose is frequently associated with
signiﬁcant nephrotoxicity. Thus, lipid formulations of AmB
have become preferred agents for this infection because they
are signiﬁcantly less nephrotoxic and can be safely administered at higher doses for a longer period of time when compared to AmB-d [100, 105]. Several recent studies
demonstrate the efﬁcacy of these agents. In one study,
amphotericin B lipid complex (ABLC) resulted in a 71%
success rate as salvage therapy for mucormycosis [106].
Primary treatment with liposomal amphotericin B (LAmB)
was associated with a 67% (16/24) survival rate, compared
to 39% (24/62) survival with AmB-d (p = 0.02) in cancer
patients with mucormycosis. [76] Additionally, animal studies have demonstrated that high-dose LAmB (15 mg/kg/day)
is more efﬁcacious than AmB (1 mg/kg/day) in treating diabetic ketoacidotic mice infected with R. oryzae [107].
Recent animal data suggest that LAmB may be preferred to
ABLC for treating central nervous system mucormycosis. In a
comparative pharmacokinetic study in rabbits, LAmB achieved
brain tissue levels of >5-fold greater than ABLC [108]. While
LAmB and ABLC are similarly effective in neutropenic mice,
LAmB is superior to ABLC in mice with diabetic ketoacidosis, primarily due to superior clearance of the fungus from the
brain [109]. A recent retrospective series in patients with
rhino-orbital-cerebral mucormycosis receiving ABLC as primary therapy found that these patients had inferior outcomes
when compared to patients receiving either AmB-d or LAmB,
conﬁrming these observations in animals [100].
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Azoles
Itraconazole is the ﬁrst marketed azole drug that showed
promising in vitro activity against Absidia, but not against
Rhizopus spp., the most common pathogens isolated from
clinical cases [110]. Therefore, itraconazole plays almost no
role in treating mucormycosis. Fluconazole and the secondgeneration broad-spectrum triazole, voriconazole, are not
active against Mucorales in vitro [110]. Indeed the prophylactic and therapeutic use of voriconazole in transplant patients
has been associated with breakthrough disseminated mucormycosis [27, 111–115]. In fact, a recent study demonstrated that
in vitro pretreatment of Mucorales with voriconazole,
increased the virulence of these organisms in murine and ﬂy
models of mucormycosis [31].
Posaconazole was approved recently by the Food and
Drug Administration (FDA) for prophylaxis in patients with
prolonged neutropenia and for stem cell transplant patients
with severe GVHD and also for treatment of esophageal candidiasis. Posaconazole has enhanced in vitro activity against
Mucorales, with reported MIC90 of 0.25–8 Pg/mL, with
Rhizopus spp. having the highest MIC (MIC90 8 Pg/mL)
[110, 116–118]. In febrile neutropenic patients and in those
with invasive fungal infections, oral posaconazole, 400 mg
twice daily, results in serum levels consistently <1 Pg/mL,
with considerable patient-to-patient variability [119–122].
Therefore, pharmacokinetic/pharmacodynamic data raise
concerns about the reliability of achieving adequate in vivo
levels of oral posaconazole to treat mucormycosis, especially
infection caused by Rhizopus species.
Animal data assessing the role of posaconazole in treating
experimental mucormycosis raise concerns about the efﬁcacy
of this drug. For example, in neutropenic mice infected with
Mucor species, posaconazole was signiﬁcantly less effective
than AmB-d [123]. Similarly, Dannaoui and colleagues [124]
found that posaconazole was less effective than AmB-d in
treating mice infected with Rhizopus microsporus or Absidia,
and it had no activity in mice infected with R. oryzae, which
causes >70% of clinical cases of mucormycosis [4, 100, 104].
In two more recent studies, posaconazole monotherapy was
also no better than AmB-d placebo for treatment of R. oryzae
infection in neutropenic or DKA mice [125, 126].
Based on the available animal data and the absence of
clinical data, posaconazole monotherapy cannot currently be
recommended as primary treatment of mucormycosis. In
contrast, available clinical data from open-label salvage studies suggest that posaconazole is a reasonable option for
patients with mucormycosis who are refractory to or intolerant of polyenes [127, 128]. It is also commonly used as
“step-down” therapy for stable patients who have initially
responded to a polyene, but there are no prospective studies
exploring this approach to therapy.
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Antifungal Combination Therapy
All approved echinocandins, including caspofungin, micafungin, and anidulafungin, have minimal activity against
agents of mucormycosis when tested in vitro [129, 130].
However, it is known that R. oryzae has the 1,3 E-glucan
synthase target enzyme for echinocandins [49], and this
enzyme can be inhibited by these agents [131]. In the murine
model of disseminated mucormycosis, caspofungin has limited activity against R. oryzae [131]. Furthermore, in diabetic
ketoacidotic mice infected with R. oryzae, combination
caspofungin plus ABLC therapy markedly improves survival
rates compared to caspofungin alone or placebo [132].
Combination therapy with LAmB plus either micafungin or
anidulafungin improves survival rates in neutropenic and
diabetic ketoacidotic mice with disseminated mucormycosis
[133]. The mechanism by which echinocandins improve the
outcome of mucormycosis infection when combined with
lipid formulations of AmB is unknown, but it could be related
to the enhanced exposure of E glucan on the fungal surface,
which in part results in enhanced immune stimulation [134,
136]. Alternatively, echinocandins might affect certain virulence factors of Mucorales that are as yet unidentiﬁed.
In a recent small retrospective study, combination therapy with lipid formulations of AmB plus caspofungin was
associated with signiﬁcantly improved outcomes for rhinoorbital-cerebral mucormycosis in diabetic patients compared to polyene monotherapy [100]. By multivariate
analysis, only combination therapy was signiﬁcantly associated with superior outcomes (OR = 10.9 for success vs.
monotherapy, p = 0.02).
Because the data are very limited, further clinical studies
are necessary to determine the usefulness of echinocandin
combination therapy in patients with mucormycosis. If used
in a combination regimen, dose escalation of echinocandins
is not advisable due to possible paradoxical loss of efﬁcacy,
as has been noted in murine mucormycosis at doses t 3 mg/
kg/day [131, 133].

Iron Chelation Therapy
The iron chelators deferiprone and deferasirox have been
shown to have activity in murine mucormycosis [43, 44].
Deferasirox, which is currently approved to treat iron overload in transfusion-dependent anemias [135], is fungicidal
for clinical isolates of Mucorales in vitro, with an MIC90 of
6.25 Pg/mL [136]. The drug exhibits time-dependent killing,
with killing occurring at 12–24 h of drug exposure. Based on
trough serum levels >15 Pg/mL in patients treated with
deferasirox at 20 mg/kg/day [137, 138], it should be feasible
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to maintain deferasirox serum levels in excess of the MICs of
Mucorales. In diabetic ketoacidotic mice with disseminated
mucormycosis, deferasirox is as effective as LAmB therapy,
and combination deferasirox-LAmB therapy synergistically
improves survival rates [136]. In particular, combination
therapy results in a 100-fold decrease in brain fungal burden
compared to monotherapy.
Based on these animal data, deferasirox was used successfully as salvage therapy in a patient with advanced rhinocerebral mucormycosis who had progressive brainstem
disease despite LAmB therapy [139]. A study describing
adjunctive therapy with deferasirox given to eight patients
with mucormycosis suggested that the drug is safe and possibly efﬁcacious, based on the observation that seven of eight
patients survived the infection [140]. One study reported the
failure of salvage deferasirox in a patient who had undergone
partial colectomy to resect mucormycosis [141]. This failure
might be attributed to the poor bioavailability of the oral iron
chelator in the context of abdominal surgery.
Currently, a double-blind, randomized, placebo-controlled,
phase II study of adjunctive deferasirox therapy (20 mg/kg/
day for 14 days) with LAmB for mucormycosis is ongoing.
Additional clinical data will be necessary to gain a more
comprehensive safety and efﬁcacy proﬁle for this drug in
combination with antifungals.

Posaconazole Combination Therapy
Two recent preclinical studies evaluated the efﬁcacy of posaconazole combination therapy for murine mucormycosis.
In the ﬁrst study, Rodriguez et al. found that combining
posaconazole with AmB-d enhanced the survival rate of
neutropenic mice infected with R. oryzae only when compared to a subtherapeutic dose (0.3 mg/kg/day) of AmB-d
monotherapy [126]. In contrast, combination therapy was
not superior to a standard dose of AmB-d monotherapy
(0.8 mg/kg/day). In the second study, combination posaconazole plus LAmB did not improve survival rates compared to
LAmB monotherapy in either neutropenic or diabetic ketoacidotic mice with mucormycosis [125]. To date, no clinical
studies have evaluated the combination of posaconazole and
polyene for primary therapy for mucormycosis.

Hyperbaric Oxygen Treatment
Some case reports have suggested that hyperbaric oxygen
may be a beneﬁcial adjunct to the standard surgical and
medical antifungal therapy of mucormycosis, particularly for
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patients with rhinocerebral disease. In a small retrospective
study of patients with rhinocerebral mucormycosis, two of
six patients who received hyperbaric oxygen died, whereas
four of seven patients who received only standard debridement and amphotericin B died. It is hypothesized that
hyperbaric oxygen might be useful for treating mucormycosis in conjunction with standard therapy because higher
oxygen pressure improves the ability of neutrophils to kill
the organism [142]. Additionally, high oxygen pressure
inhibits the germination of fungal spores and growth of
mycelia in vitro [143].

Cytokine Treatment
Proinﬂammatory cytokines, such as interferon-gamma and
granulocyte-monocyte colony-stimulating factor (GM-CSF),
enhance the ability of granulocytes to damage the agents of
mucormycosis [144]. Case reports have described survival of
patients with mucormycosis treated with adjunctive recombinant G-CSF and GM-CSF or with recombinant interferongamma in conjunction with lipid formulations of AmB
[145–149]. G-CSF-mobilized granulocyte transfusions have
been increasingly used for refractory mycoses, including
mucormycosis [150, 151]. The reported experience with
granulocyte transfusions is limited to anecdotal reports, but
such transfusions may be lifesaving in persistently neutropenic hosts with mucormycosis.

Entomophthoramycosis
Mycology
The order Entomophthorales includes two histopathologically similar, but clinically and mycologically distinct,
genera: Basidiobolus and Conidiobolus [2, 3, 5]. Both basidiobolomycosis and conidiobolomycosis present mainly as
subcutaneous infections in immunocompetent hosts. However,
both of these infections occasionally disseminate in both
immunocompetent and immuncompromised hosts [2].
Basidiobolomycosis is caused by Basidiobolus ranarum.
Previous descriptions of this organism have used the synonyms B. haptosporus, B. meristosporus, or B. heterosporus
[2]; however, B. ranarum is currently considered the preferred
name. Infection with this organism tends to involve the trunk
and limbs. In contrast, conidiobolomycosis (also known as
rhinophycomycosis, rhinoentomophthoromycosis, or nasofacial zygomycosis) is caused by Conidiobolus coronatus or
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Conidiobolus incongruous, and primarily involves the nose
and soft tissues of the face [152, 153].

Epidemiology
Basidiobolomycosis is predominantly a disease of childhood
and adolescence and is only occasionally seen in adults [5].
In contrast, conidiobolomycosis almost always afﬂicts adults
[154, 155]. Both diseases occur primarily in the tropical and
subtropical regions of Africa and Southeast Asia [2]. Rare
cases have been seen in other parts of the world. Although
entomophthoramycosis occurs mainly in healthy individuals, some cases have occurred in immunocompromised hosts
[156–158].
The agents of entomophthoramycosis are normally found
in soil throughout the world. Basidiobolus ranarum is found
in decaying vegetation, soil, and the gastrointestinal tracts of
reptiles, ﬁsh, amphibians and bats [159]. Similarly, C. coronatus is found in soil, decaying vegetation, insects, and in the
gastrointestinal contents of lizards and toads [2, 160, 161].
Although the agents of entomophthoramycosis are ubiquitous, clinically apparent infection is rare. Only 150 cases
were estimated to occur worldwide in 1991 [162], raising the
possibility that rather than a chance event, the individuals
who develop this infection have a subtle defect in host immunity to this group of organisms.
The mode of transmission for B. ranarum is assumed to
be through minor skin trauma and insect bites [163]. Fungal
spores are found in bristles of mites and are probably carried
by other insects. Infected insects are ingested by reptiles and
amphibians, which subsequently pass the spores in their
excreta [164]. Basidiobolus ranarum may be present on “toilet leaves” that are used for skin cleaning after a bowel movement. Thus, direct inoculation of the perineum may occur
from these contaminated leaves. Consistent with this theory
is the ﬁnding that the infection most commonly occurs in the
buttocks, thigh, and perineum [163]. Basidiobolus ranarum
occasionally causes rhinocerebral infections in hyperglycemic patients, suggesting that it may also be acquired by inhalation [156].
Conidiobolomycosis occurs eight times more frequently
in males and is most common in individuals who work outdoors in the tropical and subtropical rain forests of Africa
and Southeast Asia. The mode of transmission of conidiobolomycosis has not been clearly established. The predilection
of the organism to infect the head and face suggests that the
route of inoculation is via inhalation of spores or through
minor trauma to the nose or face [154]. It is also possible
that this infection is transmitted by insect bites [152].
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Conidiobolomycosis is also a zoonotic infection, occurring
in horses and mules [152].

Clinical Manifestations
Basidiobolomycosis typically presents as a chronic infection of
the subcutaneous tissue of the arms, legs, trunk, or buttocks
[165] and is characterized by the presence of ﬁrm painless nodular subcutaneous lesions that spread locally. The infection is
slowly progressive if not treated, but may also heal spontaneously [166]. Although dissemination is uncommon [167],
deeper invasion of the muscles beneath the subcutaneous
infected areas [168] as well as widespread dissemination [169]
have been reported. Rarely, B. ranarum infects the gastrointestinal tract, typically the stomach, duodenum, and colon [170–
172]. Symptoms of gastrointestinal basidiobolomycosis include
fever, abdominal pain, diarrhea, constipation, weight loss, and,
less commonly, chills and rigors. Angioinvasive disease similar
to that noted in mucormycosis has been described [169, 173]
Polypoidal mass in the paranasal sinuses with extradural extension has been reported as a rare complication [174].
Infections with Conidiobolus present most commonly as
chronic sinusitis. The infection initially manifests with swelling of the inferior nasal turbinates. Untreated, infection
extends to the adjacent facial and subcutaneous tissues and
the paranasal sinuses. Swelling of the nose, mouth, and perinasal tissue ensues, resulting in nasal congestion and drainage, sinus pain, and epistaxis [175]. Severe generalized facial
swelling may develop [3]. The presence of subcutaneous
nodules in the eyebrows, upper lip, and cheeks may be quite
disﬁguring, especially if there is regional lymph node
involvement and subsequent lymphedema [176]. Rarely,
infection can involve the pharynx and larynx, resulting in
dysphagia and airway obstruction. Unlike mucormycosis,
conidiobolomycosis usually does not spread to the central
nervous system [167]. Disseminated infections are rare, but
have been reported in both immunocompetent and immunocompromised patients [154].

Diagnosis
In endemic areas of entomophthoramycosis, basidiobolomycosis and conidiobolomycosis can most easily be distinguished from one another by the anatomic location of the
infection and the age of the patient. The diagnosis is best
made by biopsy of the infected subcutaneous or submucosal
tissue. Both diseases have similar histopathology. The
hyphae, which are broad, thin-walled, and occasionally

septate, are best visualized with hematoxylin and eosin
staining because of the presence of Splendore-Hoeppli
eosinophilic material [167]. Other stains such as periodic
acid–Schiff and Gomori methenamine silver are less effective in staining the Entomophthorales [3, 170]. Hyphae are
surrounded by eosinophils, lymphocytes, and plasma cells.
The presence of eosinophils is an important histopathologic
ﬁnding for entomophthoramycosis. Angioinvasion with subsequent tissue necrosis and infarction are rarely seen [3]. The
agents of entomophthoramycosis cannot be identiﬁed at the
species level by histopathology; thus specimens must be cultured if species identiﬁcation is to be performed.

Treatment
No single drug has been proven to be effective in treating all
cases of entomophthoramycosis. Saturated solution of potassium iodide (SSKI), trimethoprim-sulfamethoxazole, AmB-d
azoles, and a combination of these agents have been used
with varying success. Because of the rarity of the infections,
none of these treatment regimens have been directly compared. Furthermore, some cases of entomophthoramycosis
may resolve without treatment. SSKI has traditionally been
used in the treatment of entomophthoramycosis, with mixed
clinical results [160, 177, 178] The mechanism of action of
SSKI is not known. Therapy with SSKI should be administered for at least 3 months at 1.5–2.0 g daily. Trimethoprimsulfamethoxazole has fewer side effects than SSKI; however,
it must be administered at high doses for a longer period of
time [179, 180]. Fluconazole [181] and itraconazole [182]
have been used successfully to treat entomophthoramycosis,
but there has been more experience with ketoconazole [152,
162, 179]. Anecdotally, months of continuous treatment with
ketoconazole or multiple courses of shorter-course therapy
are required for resolution of the infection [152, 179].
Amphotericin B is usually not the ﬁrst choice of treatment,
but is often used as salvage therapy. Some isolates of B.
ranarum and Conidiobolus species are susceptible to AmB
in vitro, while other isolates are resistant [183]. There are
anecdotal reports of successful therapy with SSKI combined
with trimethoprim-sulfamethoxazole [154], ketoconazole
[152, 184], or ﬂuconazole [152] in patients in whom singledrug therapy had failed. Terbinaﬁne combined with either
AmB-d or itraconazole has also been successful [185, 186]
Experience with lipid formulations of AmB is limited.
In addition to antifungal therapy, surgical removal of
accessible nodules and reconstruction of grossly deformed
tissues should be performed when possible. Unfortunately,
relapses of infection may occur following surgery [5].
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Hyalohyphomycoses (Hyaline Moulds)
Harrys A. Torres and Dimitrios P. Kontoyiannis

The hyalohyphomycoses, or hyaline moulds, are human
infections caused by soil-dwelling and plant saprophytic
moulds [1]. Hyalohyphomycosis encompasses a loose artiﬁcial classiﬁcation system since it does not refer to a speciﬁc
taxonomic classiﬁcation [2]. Agents of hyalohyphomycosis
include non-melanin-producing, nondematiaceous moulds,
which typically appear on histopathologic sections as colorless, hyaline, or light-colored septate hyphae [3]. These hyphae
are either branched or unbranched, and occasionally they are
toruloid [1, 3, 4]. Important human pathogens included in this
group are Aspergillus, Penicillium, Fusarium, Scopulariopsis,
Pseudallescheria, Scedosporium, Acremonium, Paecilomyces,
and Trichoderma species (Table 1) [1, 3, 5–8].
The hyaline moulds are identiﬁed at the genus and species
levels largely on the basis of morphology of their reproductive structures, including phialides (fertile cells) and conidia
(spores) [4]. Molecular methods, such as polymerase chain
reaction (PCR)-based techniques, show promise as diagnostic aids in the early detection of hyalohyphomycetes. The
general characteristics of the heterogeneous group of fungi
causing hyalohyphomycosis are listed in Table 2.
Hyaline moulds uncommonly cause human disease. In
immunocompetent hosts, they predominantly cause localized
infections, but in severely compromised hosts, they have now
emerged as a cause of severe and frequently fatal deep-seated
infections. Most severe cases of hyalohyphomycosis occur in
patients with hematologic malignancies or in hematopoietic
stem cell transplant (HSCT) or solid organ transplant recipients. Most of these organisms exhibit broad-spectrum resistance to existing antifungal drugs, and recovery from
immunosuppression is critical for clinical response. This
chapter focuses only on hyaline moulds that have been recognized as emerging pathogens. The most common pathogen in
this group, Aspergillus, is discussed in a separate chapter.
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Fusarium Species
Epidemiology
Fusarium derives its name from its fusiform conidia [9]. Long
known as plant pathogens, these ubiquitous moulds are common in decomposing organic matter and soil [10, 11]. Fusarium
species cause fusariosis, a life-threatening opportunistic
mycotic infection that is being increasingly recognized worldwide [11–13]. The epidemiologic distribution of fusariosis is
not homogeneous; from 50% to 85% of all cases have been
reported from the USA [14, 15]. It is not clear whether this
reﬂects a unique ecologic niche for these fungi or is at least
partially due to the increased recognition of this infection in
the USA. Outside the USA, most cases of fusariosis have been
reported in the Mediterranean region (Spain, France, Italy, and
Israel) or in subtropical countries such as Brazil. [14, 16–19]
Within the USA, the distribution of fusariosis is not homogeneous in that most cases have been reported from only a few
centers [14]. In fact, Fusarium species have emerged in some
tertiary cancer centers as the second most common ﬁlamentous fungal pathogen after Aspergillus [11].
In a small study from a Brazilian cancer center, Fusarium
species were identiﬁed as the most common mould causing
fungemia in HSCT recipients [20]. Not surprisingly, the
cumulative incidence of fusariosis among HSCT recipients
varies according to the type of transplantation. The incidence
among recipients of allogeneic HLA–mismatched related
donor transplants is 4 times the incidence among recipients
of allogeneic HLA–compatible related donor transplants and
10 times the incidence among recipients of autologous transplants [21]. Fusarium infection tends to vary seasonally. The
infection is most prevalent in autumn in France and most
prevalent in summer in Texas, Israel, and Italy [17]. This
may reﬂect sporulation efﬁciency of Fusarium species during
these seasons [17].
The portals of entry for Fusarium infection include the
respiratory tract, digestive tract, and the skin, periungual
regions, or burns, and vascular catheters [15]. The predominant mode of infection is inhalation into the lungs or upper
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Table 1 Agents of hyalohyphomycosis
Acremonium spp.a
Microsphaeropsis spp.
Aphanoascus spp.
Myriodontium spp.
Aspergillus spp.
Nannizziopsis spp.
Arthrographis spp.
Neocosmospora spp.
Beauveria spp.
Paecilomyces spp.a
Cephalotheca spp.
Penicillium spp.
Cerinosterus spp.
Onychocola spp.
Chrysonilia spp.
Ovadendron spp.
Chrysosporium spp.
Pseudallescheria spp.a
Colletotrichum spp.
Scedosporium spp.a
Coprinus spp.
Schizophyllum spp.
Cylindrocarpon spp.
Scopulariopsis spp.a
Fusarium spp.a
Scytalidium spp.
Geotrichum spp.a
Tritirachium spp.
Gibberella spp.
Trichoderma spp.a
Gymnascella spp.
Tubercularia spp.
Lecythophora spp.
Verticillium spp.
Metarhizium spp.
Volutella spp.
Microsphaeropsis spp.
a
Emerging pathogens discussed in this chapter

Table 2 General characteristics of agents of hyalohyphomycosis
Ubiquitous, soil saprophytes
Acquisition: lung, skin, foreign bodies
Normally community-acquired but sporadically acquired
nosocomially
Rare cause of infection
Predominantly cause localized infections in immunocompetent hosts
following traumatic inoculation
Uncommon causes of allergic sinusitis or asthma
Uncommon but emerging cause of severe and frequently fatal focal
respiratory or disseminated opportunistic infections in severely
compromised hosts
Most cases occur in patients with hematologic malignancies, hematopoietic
stem cell transplant recipients, or solid organ recipients
Resemble Aspergillus species in tissue (potential for misidentiﬁcation)
Several hyalohyphomycetes (e.g., Fusarium species, Scedosporium
species, Acremonium species, Scopulariopsis species, and
Trichoderma species) can grow in blood cultures
Most organisms exhibit broad-spectrum resistance to existing
antifungal drugs
Aggressive surgical intervention may improve survival rates
Recovery of immune function essential to survival

airways [22]. Therefore, not surprisingly, most cases of
fusariosis are considered community acquired. However,
Fusarium species can also cause nosocomial infections, such
as postoperative endophthalmitis or peritonitis associated
with dialysis catheters [15, 22]. The water distribution system has been implicated as a reservoir of Fusarium species
[23, 24]. Some cases of fusariosis in hospital patients coincided with construction work [25], but others have reported
that the most likely source of Fusarium infection is the external environment rather than a nosocomial source [26].
The genus Fusarium currently includes over 100 species,
at least 12 of which are human pathogens [27, 28]. Among

these, the most common human pathogens are F. solani
(responsible for 50% of reported Fusarium infections in
humans), F. oxysporum (14%), F. verticillioides (also known
as F. moniliforme) (10–11%), and F. proliferatum (5%);
much less common pathogens are F. dimerum, F. chlamydosporum, F. nygamai, F. napiforme, F. semitectum, F. equiseti,
F. thapsinum, F. sacchari, F. decemcellulare, F. incarnatum,
F. falciforme, and F. polyphialidicum [18, 27, 29–31]. This
uneven distribution of Fusarium species might be related
to the relatively higher virulence of some species, such as
F. solani, as evidenced by ﬁndings in a murine model of
fusariosis [32].
The species distribution may vary geographically. For
example, in a recent study of isolates sequentially collected
from 1985 to 2007 from 75 patients with Fusarium infections diagnosed in two hospitals in northern Italy, 41% of
the isolates were F. verticillioides, 25% were F. solani, 13%
were F. proliferatum, and 12% were F. oxysporum [28]. In
this study, the distribution of the Fusarium species also
differed according to patients’ clinical presentations, with
F. verticillioides accounting for 57% of the isolates from
immunocompromised patients [28].

Pathogenesis
Fusarium species have the remarkable ability of being
effective broad-spectrum pathogens against prokaryotic
bacteria, such as Pseudomonas, and plants and mammals.
The pathogenesis of infection by Fusarium species is
related to the mould’s ability to produce mycotoxins or to
cause direct invasive disease [33]. Of note, similar to
zygomycetes and Aspergillus species, Fusarium species are
highly angiotropic and angioinvasive, causing hemorrhagic
infarction and tissue necrosis, especially in pancytopenic
hosts [10, 11].
The mycotoxins produced by Fusarium species include
trichothecenes, such as T-2 toxin, deoxynivalenol, fumonisins, zearalenones, fusaric acid, and apicidin [34, 35]. The
molecular events that control the production of such toxins
are unknown. The ability of Fusarium species to produce
these toxins has been associated with crop destruction [11]
and with human or animal mycotoxicoses, such as alimentary toxic aleukia [33, 36]. Fumonisins commonly contaminate maize and maize products worldwide and have recently
been linked to consumption of maize-based tortillas [37].
The ingestion of grains contaminated with these mycotoxins
may cause allergic symptoms or lead to cancer, such as
esophageal cancer after long-term consumption [33, 34, 38].
In addition, exposure to fumonisins may play a role in
human birth defects [35]. Several mycotoxins induce leukopenia and bone marrow destruction and suppress platelet
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aggregation [33]. Whether their production also contributes
to prolonged chemotherapy-induced myelosuppression
remains unclear [10, 15]. There are no data on whether mycotoxins are overexpressed in strains causing invasive human
fusariosis [33, 34].
Granulocytes and macrophages play essential roles in
the immune defense against fusariosis. Granulocytes inhibit
growth of hyphae, while macrophages inhibit both
germination of conidia and growth of hyphae [11, 33].
Neutropenia seems to be the critical factor in the development of invasive fusariosis [11, 34]. In a recent series from
a comprehensive cancer center, 82% of patients with fusariosis were neutropenic, and 75% of patients with fusariosis had an absolute neutrophil count < 100/uL [39].
However, other host factors besides quantitative granulocyte counts or qualitative neutrophil defects could inﬂuence
the development of fusariosis in immunocompromised
patients [14, 40–43]. For example, patients with refractory
aplastic anemia have a low incidence of Fusarium infection, and fusariosis is uncommon in patients with chronic
granulomatous disease. Proven disseminated fusariosis has
been reported in patients with solid tumors in the absence
of neutropenia.
Corticosteroids add to the immune-impaired state,
predisposing to invasive fusariosis [11, 34]. Human interleukin-15 seems to play an important role in the immunomodulation of host response to Fusarium infection [44].
A recent study analyzing factors affecting the virulence of
fusariosis in Drosophila melanogaster experimental models
found that F. moniliforme infection was associated with a
more acute infection and higher mortality rates when
injected into Toll-deﬁcient ﬂies than when injected into
wild-type ﬂies [45]. This ﬁnding is consistent with ﬁndings
that the virulence of Fusarium species seems to be higher
than that of other hyalohyphomycetes, such as Aspergillus
species, Scedosporium apiospermum, and S. proliﬁcans
[45, 46]. Finally, Fusarium species can adhere to Silastic
catheters; infections of central venous catheters, continuous
ambulatory peritoneal dialysis catheters, and contact lenses
have been reported [33].
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Clinical Manifestations
Fusarium species can cause localized or disseminated
infections [15, 22]. Host factors play a crucial role in determining the severity and type of infection. Studies of Fusarium
infection in immunocompetent patients include mostly localized infections of the eyes, gastrointestinal tract, skin and
nails, peritoneum, and lungs [17]. Interestingly, in a retrospective study from Israel, 68 of 89 (76%) patients were
immunocompetent [17]. These patients tended to be older
than immunocompromised patients and had a high prevalence
of underlying diseases, such as ischemic heart disease, diabetes mellitus, peripheral vascular disease, and chronic renal
failure [17]. Clinical manifestations of fusariosis according to
different underlying conditions are described in Table 3.
Fusarium species (especially F. solani) are the most
frequent cause of fungal keratitis [33]. Endophthalmitis by
contiguous extension to the anterior chamber is a feared
complication of severe Fusarium keratitis [47]. In the USA,
Singapore, and Hong Kong, an outbreak of Fusarium keratitis occurred from 2004 to 2006 among wearers of contact
lenses. A case control study of 164 of these cases noted a
strong association with use of one particular brand of contact
lens solution [48]. Most (94%) of the conﬁrmed case patients
wore soft contact lenses [48]. It was determined that extrinsic contamination of the lens solution and the lens cases
occurred with multiple different strains of Fusarium, and
that this particular solution was not fungistatic [48]. This
outbreak caused substantial morbidity, and many patients
had visual loss, requiring corneal transplantation [48].
Fusarium species can cause localized infections of the
nails and skin [3, 22]. Fusarium is increasingly recognized
as a cause of paronychia in profoundly neutropenic patients
[11], and Fusarium onychomycosis can lead to disseminated
fusariosis in immunocompromised patients. [15, 33, 49]
Fusarium infections commonly involve the extremities,
especially the skin of the lower limbs, which is involved in
more than 50% of patients [17]. Fusarium species are also a
well-known cause of eumycetoma [50], and they cause
colonization and infection of burn wounds [51], granulomas,

Table 3 Clinical manifestations of fusariosis according to underlying condition
Underlying condition
Clinical manifestations
Acute leukemia or other hematologic
FUO, sinopulmonary infection, catheter-associated fungemia, disseminated infection, osteoarticular
malignancy
infections
Hematopoietic stem cell transplant
Disseminated infection, pneumonia, sinusitis, meningoencephalitis
Solid organ transplant
Cutaneous infection, lung abscess, liver abscess, peritonitis, disseminated infection
Solid tumors
Onychomycosis, localized soft-tissue infection, disseminated infection (rare)
Severe burns
Burn-wound colonization or wound infection, necrotizing local infection, disseminated infection
Miscellaneous conditionsa
Onychomycosis, invasive intranasal infection, endophthalmitis, disseminated infection
Immunocompetent hostb
Osteomyelitis, keratitis, endophthalmitis, chronic invasive rhinosinusitis
FUO fever of unknown origin
a
Diabetes mellitus, chronic renal failure, myasthenia
b
Following trauma or surgery
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ulcers, and panniculitis. [33] A case of intractable cutaneous
fusariosis with erythematous facial plaques and deep dermal
inﬁltrates in the absence of immunosuppression has been
described [52].
In profoundly immunocompromised patients, Fusarium
species cause four patterns of infection: refractory fever of
unknown origin, sinopulmonary infection, disseminated
infection, and a variety of focal single-organ infections. The
usual initial presentation of invasive fusariosis is a persistent
fever in a profoundly neutropenic patient [36].
Pulmonary involvement can manifest either nodular or
cavitary lesions or both [12]. In a recent study of 20 patients
with hematologic malignancies and pulmonary fusariosis,
nodules or masses were the most common ﬁndings on chest
computed tomography (CT) scan, seen in 82% of patients,
and mimicked ﬁndings with pulmonary aspergillosis. Halo
sign, a common ﬁnding in pulmonary aspergillosis, was not
seen in pulmonary fusariosis. CT scans are more sensitive
than chest radiography in the early detection of pulmonary
fusariosis in patients with hematologic malignancies [53].
Fusarium pneumonia has also been reported after lung transplantation [19]. However, the pathogenic role of Fusarium
isolate in the respiratory tract of other immunocompromised
patients, such as those with HIV infection, is less clear.
Sinopulmonary fusariosis is clinically indistinguishable
from the more common invasive aspergillosis. Pneumonia or
other focal invasive infection due to Fusarium species can
disseminate in the setting of continuous, profound immunosuppression. Almost any organ can be involved, including the
skin, lung, kidney, spleen, liver, brain, bone marrow, heart,
pancreas, eye, nose, palate, sinuses, or gastrointestinal tract
[3, 15, 33, 54–57]. Since Fusarium species are often resistant
to antifungal agents, breakthrough fusariosis occurring during empiric or prophylactic therapy with amphotericin B, ﬂuconazole, itraconazole, ketoconazole, or caspofungin in
neutropenic patients is not uncommon [11, 12, 15, 58–61].
Disseminated fusariosis represents the end of the spectrum
of the infection caused by Fusarium species. Disseminated
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Fusarium infection was ﬁrst reported almost 30 years ago
[62]. Since then, the incidence of disseminated invasive fusariosis has increased signiﬁcantly [10, 13, 33, 34]. Neutropenic
patients with hematologic malignancies (especially acute leukemia), allogeneic HSCT recipients, and patients with extensive burns are at increased risk of disseminated fusariosis
[3, 15, 58]. Patients with hematologic malignancies account
for 90% of the reported cases of disseminated fusariosis [34].
Infection typically occurs during a prolonged period of neutropenia [12, 15, 54]. Among allogeneic HSCT recipients, a
trimodal distribution of fusariosis incidence is observed: there
is a ﬁrst peak before engraftment, a second peak at a median
of 2 months after transplantation, and a third peak 1 year after
transplantation [21]. The second peak occurs approximately 1
month earlier than the corresponding peak for aspergillosis
(median time to diagnosis after transplantation, 64 days for
fusariosis vs. 100 days for aspergillosis) [21]. Almost half of
all cases of disseminated fusariosis are caused by F. solani;
the next most common causes are F. oxysporum and F. moniliforme [12, 15, 33].
The clinical setting and manifestations of severe fusariosis in immunosuppressed patients mimic those in patients
with aspergillosis [53]. However, some distinct differences
can be seen. For example, blood cultures are positive in
50–70% of patients with disseminated fusariosis but in fewer
than 6% of patients with invasive aspergillosis [15]. Whereas
skin lesions are the hallmark of disseminated fusariosis,
occurring in 60–90% of cases, skin lesions occur in <10% of
patients with disseminated aspergillosis [15, 33, 63]. Patients
with neutropenia have a higher rate of disseminated skin
lesions than do patients without neutropenia [64]. Types of
lesions seen in patients with disseminated fusariosis include
subcutaneous nodules, palpable and nonpalpable purpura,
red or gray macules, red or gray papules, macules or papules
with progressive central necrosis with central, ﬂaccid pustules, vesicles, and hemorrhagic bullae [15, 33, 63] (Fig. 1).
These skin lesions can involve any site but most often involve
the extremities [63, 64]. These lesions, especially the

Fig. 1 Characteristic skin lesions of disseminated fusariosis in a hematopoietic stem cell transplant recipient showing (a) tender subcutaneous
nodules and (b) macules and papules simultaneously showing various stages of evolution and progressive central necrosis
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subcutaneous nodules, are often tender, and most patients
have lesions at various stages of evolution [12, 63]. The
number of disseminated skin lesions can range from 4 to
more than 30 [63]. Skin lesions are an important potential
source of diagnostic tissue [64].
Fusarium infections in immunosuppressed solid organ
transplant recipients (kidney, lung, liver, and heart-liver)
receiving a prolonged course of corticosteroids tend to
remain localized; these patients have a better outcome than
do allogeneic HSCT recipients who have graft-versus-host
disease and are receiving corticosteroids [65–67].
Other presentations of invasive fusariosis in immunocompromised hosts include osteomyelitis, septic arthritis, myositis, foot abscesses, sinusitis, endocarditis, myocarditis,
external otitis, peritonitis, brain abscesses, breast abscess,
cystitis, meningoencephalitis, and chronic hepatic infection
[10, 11, 15, 33, 56, 68].

Laboratory Diagnosis
The histopathologic picture of fusariosis similar to that
caused by other invasive moulds, most importantly
Aspergillus species [3]. Biopsy of lesions reveals extensive
necrosis surrounding the fungal elements, which are characterized as dichotomously branching, acutely angular septate
hyphae. This picture is not reliably distinguishable from
those of other hyaline moulds, including Aspergillus species
[11, 15, 66]. Immunohistologic staining of tissues has been
used successfully for diagnosing selected cases [3].
Culture is an important tool in the diagnosis of Fusarium
infection. Fusarium colonies begin as a white patch, which
quickly develops a pink, purple, or yellow center with a
lighter periphery. Fusarium species may produce three types
of spores: macroconidia, microconidia, and chlamydospores
[33]. The morphology of the macroconidia (canoe-shaped) is
key for characterizing the genus Fusarium (Fig. 2a) [15, 33,
59]. If macroconidia are not present in a culture, identifying
Fusarium species is difﬁcult, and confusion with other genera, such as Acremonium, Cylindrocarpon, or Verticillium,
may occur [11, 15, 59]. In addition to the morphology of the
macroconidia, the morphology of the conidiophores bearing
the microconidia and the presence of chlamydospores are
important features [33] (Fig. 2b).
Key features for differentiating the various Fusarium species include color of the colony, length and shape of the macroconidia, and number, shape, and arrangement of
microconidia. However, differentiating species is difﬁcult,
because of their propensity for rapid morphologic change
[10, 33, 57]. Traditional identiﬁcation based on morphologic
methods is cumbersome, laborious, and time-consuming,
and must be reserved for trained mycologists [27]. Fusarium

isolates involved in human infections do not always have
morphologic characteristics that allow their identiﬁcation
[27]. As a consequence, in 33–50% of cases of fusariosis,
Fusarium isolates are misdiagnosed or not detected [28].
A reference laboratory is the best resource for identifying
Fusarium species. To enhance diagnostic potential, molecular methods such as PCR-based techniques can be used to
complement conventional isolation techniques, such as
blood cultures. PCR techniques with the use of universal
primers, genus-speciﬁc probes, or probes based on singlestranded conformational polymorphism may distinguish
Fusarium from other moulds and identify speciﬁc Fusarium
species in many different types of samples, including blood,
bronchoalveolar lavage ﬂuid, skin or nail specimens, ocular
samples, urine, and pericardial ﬂuid [18, 27–29, 69–71].
While less sensitive than morphologic methods, in situ
hybridization directed against rRNA sequences provides a
rapid and accurate method of distinguishing Fusarium from
organisms such as Aspergillus and Pseudallescheria that
have similar or identical morphologic features on light
microscopy. [72] Rapid molecular methods are being developed, and they will probably replace the morphologic methods
in the future [27].
Deﬁnitive diagnosis of fusariosis relies on the recovery of
Fusarium species from infected tissues or blood cultures [3,
36] (Fig. 2c). Fusarium species are more readily isolated
from blood cultures than are Aspergillus species [15, 22].
While Fusarium species are a well-recognized cause of true
fungemia, Aspergillus species recovered from blood cultures
typically reﬂect pseudofungemia [73]. One explanation for
the frequent presence of Fusarium species in the blood is
that they can produce many dispersive conidia, which can
grow in cultures taken from blood. This phenomenon is a
characteristic of yeasts but not of most common pathogenic
moulds [15]. Fusarium species can also be recovered from
urine in the setting of disseminated fusariosis [55].

Susceptibility In vitro
Interpreting minimum inhibitory concentrations (MICs) for
moulds has long been problematic [74], and applying in vitro
susceptibility to hyalohyphomycetes is no exception. There
are no established breakpoints of susceptibility or resistance
of moulds to various classes of antifungals. Therefore,
moulds, including agents of hyalohyphomycosis, should not
be routinely tested for susceptibility [74].
Fusarium species are among the most drug-resistant fungi
[66], and among Fusarium species, F. solani is considered
the most resistant [15, 75, 76]. A standardized broth-microdilution MIC method for testing the susceptibility of ﬁlamentous fungi, including Fusarium species, to antifungals is
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Fig. 2 Microscopic features of Fusarium species showing (a) characteristic canoe-shaped morphology of macroconidia (Lactophenol cotton
blue stain, 400X; (b) presence of chlamydospores in subcutaneous tissue

(H&E stain, 400X) and (c) Gram stain from blood culture bottle showing
hyphae (100X) (Courtesy of Dr. A. Wanger, University of Texas, Health
Science Center at Houston)

available [77]. However, in vitro susceptibility or resistance
to antifungal agents may not predict the clinical outcome of
Fusarium infection [15, 33].
Fusarium isolates are resistant to the antifungal agents
miconazole, ketoconazole, ﬂucytosine, ﬂuconazole, itraconazole, and nikkomycin Z [3, 54, 55, 75, 78–81]. Voriconazole,
ravuconazole, and posaconazole show variable activity
in vitro and in animal models [79, 82–84]. However, these
triazoles have no signiﬁcant in vitro fungicidal effects on F.
solani [27, 79, 82].
Other reports have shown that voriconazole, ravuconazole, and posaconazole exhibit species-dependent fungistatic activity against Fusarium species, especially the
non-solani Fusarium species; voriconazole appears to be the
most potent of the three drugs [85–87]. However, against
Fusarium species as a group, voriconazole is not more active
than amphotericin B [85]. In a recent study with 13 isolates
of F. solani, 10 isolates had voriconazole MICs t 4 Pg/mL

(MIC range 1.0–16.0 Pg/mL) [88], and in a series evaluating
the in vitro susceptibilities to antifungals of 75 Fusarium
isolates from Italian patients, the majority of F. solani isolates
exhibited high azole MICs. In contrast, all F. verticillioides
isolates were inhibited by posaconazole, 90% were inhibited
by voriconazole, and 84% were inhibited by itraconazole.
Amphotericin B was active at d 2 Pg/mL against 70 of the 75
isolates tested [28]. Other studies show consistent activity of
amphotericin B against Fusarium species in vitro [27], and
in a rabbit model amphotericin B lipid complex and, to a
lesser degree, deoxycholate amphotericin B additively
augmented the fungicidal activity of pulmonary alveolar
macrophages against conidia of F. solani [89].
Terbinaﬁne shows some in vitro activity against some
isolates of non-solani Fusarium species [34, 78]. A study of
the in vitro activity of 11 antifungal drugs against 24 isolates
of F. verticillioides showed that terbinaﬁne was the most active
drug [18]. However, terbinaﬁne exhibits a species-dependent
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fungistatic activity in vitro, and in other studies, showed no
activity against most of the Fusarium isolates [27]. The in vitro
activity of isavuconazole, a promising novel broad-spectrum
triazole in late-stage clinical development, was recently compared with that of voriconazole in 20 Fusarium isolates. Both
drugs showed limited activity [90].
Amphotericin B and natamycin are the most active agents
against Fusarium species in vitro and in vivo [3, 10, 15, 82].
Liposomal amphotericin B at high doses (10–20 mg/kg/day)
signiﬁcantly reduces tissue burden in the liver and spleen of
immunocompetent mice infected with F. verticillioides [91].
Fusarium species are resistant to the glucan synthesis
inhibitors caspofungin, anidulafungin, micafungin, and the
new investigational echinocandin aminocandin [15, 18, 81,
92–95]. One possible explanation is that Fusarium species
may possess less 1,3-E-d-glucan than 1,6-E-glucan or other
non-1,3-E-d-glucans [93]. A recent study found that exposure to a subinhibitory concentration of caspofungin (0.0625
Pg/mL) resulted in an increase in E-glucan exposure that was
associated with a signiﬁcant increase in human polymorphonuclear neutrophil-mediated hyphal damage of F. solani and
F. oxysporum [96].
Pentamidine had signiﬁcant in vitro activity against ﬁve F.
solani isolates and ﬁve non-F. solani isolates, with non-F.
solani isolates being more susceptible than F. solani isolates
[97]. Pentamidine was fungicidal against all non-F. solani
isolates, whereas it had fungistatic effects against four of the
ﬁve F. solani isolates [97].
In view of the innate resistance of Fusarium species to
antifungals alone, combinations of antifungals have been
studied. The activities of eight antifungal combinations were
tested against 38 isolates of Fusarium species collected from
patients with keratomycosis. Synergism was obtained with
amphotericin B plus terbinaﬁne and with amphotericin B
plus itraconazole. Antagonism was shown with natamycin
plus some azoles and with natamycin plus terbinaﬁne. For
terbinaﬁne-based combinations, indifference was the most
common interaction [98].
In one study, no interactions were observed for the combination of amphotericin B and voriconazole for most
Fusarium isolates obtained from deep-seated infections [31].
Terbinaﬁne combined with different azoles showed synergistic activity against 3 isolates of F. verticillioides [99], and a
combination of terbinaﬁne and voriconazole was synergistic
against 15 isolates of F. solani. The MIC for terbinaﬁne alone
was 256 Pg/mL, and for voriconazole alone was from 2 to 16
Pg/mL, whereas with the combination, the MICs were 1 Pg/
mL and 0.25–1 Pg/mL, respectively [31]. Finally, a study
that evaluated the in vitro interaction of six antifungal drugs
in pair combinations against 11 strains of Fusarium species
showed that the most remarkable combinations were amphotericin B plus itraconazole against F. solani, amphotericin
B plus ravuconazole against F. verticillioides, and amphotericin

B plus voriconazole and amphotericin B plus terbinaﬁne
against F. oxysporum [99].
Despite the lack of activity of caspofungin alone, the
in vitro combination of caspofungin and amphotericin B
appears to be either synergistic or additive against some
Fusarium isolates [100] (Kontoyiannis, unpublished data).
Additionally, in vitro synergy has been shown between
amphotericin B and rifampin [101], and additive interaction
has been demonstrated between amphotericin B and azithromycin [102]. However, these combinations have not been
shown to be useful in treating human infection.

Treatment
Fusarium infections in immunocompetent hosts are frequently
localized infections that might not require systemic therapy
[17]. However, in some cases, surgery plus systemic antifungal
therapy may be needed to achieve a favorable outcome [71,
103]. In view of the relative rarity of human infections caused
by Fusarium species, information about human infections has
been derived from case reports or uncontrolled case series.
Furthermore, analysis of these reports has been confounded by
lack of reporting of other factors critical for response, such as
the recovery of neutrophil count. Therefore, the optimal management of fusariosis is not well deﬁned [15, 59].
The treatment of disseminated fusariosis in heavily immunosuppressed patients, in particular, has been disappointing;
reported mortality and morbidity rates exceed 75% [12, 15]. In
one study of HSCT recipients, the median duration of survival
after diagnosis of fusariosis was 13 days, and only 13% of
patients remained alive 90 days after diagnosis [21]. Among
patients with hematologic malignancies and HSCT recipients,
the failure rate was 81% in the 32 patients with disseminated
or pulmonary fusariosis versus 40% in the 10 patients with
localized soft tissue or sinus fusariosis [60]. Relapse after subsequent episodes of neutropenia has also been reported [12].
Some principles of therapy are listed in Table 4.
The most important factors predicting the outcome of
Fusarium infection are the extent of the infection and the

Table 4 Principles of therapy in fusariosis
Early aggressive treatment with high doses of lipid amphotericin B
Low threshold for switching to voriconazole or posaconazole
Antifungal combination therapy (e.g., lipid amphotericin B + voriconazole)
might be considered
Rapid tapering of corticosteroids, if possible
Consideration for G-CSF-primed granulocyte transfusions
Long duration of antifungal therapy, which should be individualized
Removal of catheter for catheter-associated fungemia
Debridement of devitalized tissue with localized disease (onychomycosis,
sinusitis, abscess)
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recovery of immunosuppression of the host [3, 12, 33]. In a
multiple logistic regression analysis of 89 patients with fusariosis, chronic renal failure, hematologic malignancy, burns,
and disseminated infections were independently associated
with poor outcome [17]. In a more recent series of 44 patients
with fusariosis, fungemia was the only independent risk factor for 12-week mortality [39]. Neutrophil recovery and
infection limited to skin and soft tissue are signiﬁcantly associated with improved survival rates in patients with fusariosis.
[39] Persistent neutropenia was present in all 19 patients
with hematologic malignancies and invasive fusariosis in
whom antifungal therapy failed [104]. In a multicenter study
in patients with hematologic malignancies, persistent neutropenia and therapy with corticosteroids were the only predictors of poor response in 84 patients [105], and in another
multicenter study of HSCT recipients, persistent neutropenia
was the only signiﬁcant predictor of poor outcome [21].
One of the most important clinical aspects of severe
Fusarium infection is the relative lack of responsiveness of
this fungus to either amphotericin B deoxycholate or a lipid
formulation of amphotericin B in the setting of profound
immunosuppression [10, 15]. Higher doses of amphotericin
B deoxycholate (1.0–1.5 mg/kg) or lipid formulations of
amphotericin B (at least 5 mg/kg/day) have been administered to transiently stabilize fusariosis [11]. Walsh and
coworkers reported that in 11 patients with fusariosis, including some with disseminated disease, there was an 82%
response rate (complete or partial) to amphotericin B lipid
complex (5 mg/kg/day). However, confounding factors,
including neutrophil recovery, immunosuppressive tapering,
and adjunctive surgical therapy, were not speciﬁcally
addressed [106]. Successful treatment of disseminated fusariosis has been reported using higher doses of liposomal
amphotericin B (9 mg/kg/day) [107], and with amphotericin
B lipid complex at daily doses from 1.8 to 10.0 mg/kg/day.
In the latter study, 12 patients (46%) were considered to have
been cured or to have improved, and 3 had disease that was
considered to be stable. Better outcomes were highly dependent on correction of neutropenia [108].
Voriconazole and posaconazole have shown preclinical
activity against Fusarium species and provide some hope for
management of this severe infection [88, 109]. However, on
the basis of recent data showing that the voriconazole susceptibility ranges for F. solani are wide, elevated dose levels of
voriconazole or even combination therapy should be considered to treat fusariosis [88]. Salvage treatment data suggest
that voriconazole therapy may be successful in some patients,
including those with unresolved chemotherapy-induced
neutropenia [110]. Small series have noted successful outcomes when fusariosis was treated with voriconazole alone or
in combination with other antifungals [111, 112]. Individual
case reports have documented successful therapy with
voriconazole, failure with voriconazole, and breakthrough
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fusariosis during voriconazole prophylaxis in patients with
prolonged immunosuppression [113–117].
The experience at our institution indicates that the
response rate to posaconazole in patients with fusariosis
refractory to or intolerant of standard therapy approaches
50% [114]. In a multicenter, open-label retrospective trial of
21 patients with proven or probable invasive fusariosis
treated with posaconazole as salvage therapy, the overall rate
of successful outcome was 48%. The success rate was 67%
in leukemia patients who recovered from myelosuppression,
but only 20% in leukemia patients with persistent neutropenia and in 17% HSCT recipients [115]. Another report
described successful use of posaconazole as salvage therapy
for fusariosis in two solid organ transplant recipients [116].
In a recent series of 44 patients with fusariosis, most
patients (84%) received combination antifungal therapy
(typically a lipid formulation of amphotericin B and a triazole) for a mean duration of 28 days [39]. Despite that, 54%
failed treatment at 12 weeks [39], Case reports describing the
efﬁcacy of combination antifungal therapy with amphotericin B formulations with voriconazole are increasingly
reported [117, 118]. There have been a few reports of good
response of fusariosis to caspofungin, either alone or combined with amphotericin B, although resolution of fusariosis
in these patients coincided with neutrophil recovery [119,
120]. Several patients have responded to the combination of
liposomal amphotericin B and terbinaﬁne, although recovery
of neutrophils had also occurred [121, 122].
A history of invasive fusariosis should not be an absolute
contraindication to subsequent HSCT, provided that there is
an objective response of the infection to antifungal therapy.
The most important factors associated with a favorable outcome in HSCT recipients with invasive fusariosis are the
resolution of myelosuppression and the absence of severe
graft-versus-host disease [12].
The mainstay of treatment for keratitis or corneal ulcers
caused by Fusarium species remains topical natamycin [123,
124]. However, failures are not uncommon [125]. Successful
salvage therapy with amphotericin B lipid complex or with
topical and systemic posaconazole have been described [47,
125]. Vitrectomy with intravitreal and intravenous administration of amphotericin B and oral ﬂucytosine has been used
to treat Fusarium endophthalmitis with variable results
[126–128], and experience is increasing with the use of voriconazole for this disease [129]. Most patients who have
Fusarium keratitis should have keratoplasty with removal of
the contaminated lens, in addition to topical treatment with
natamycin or other antifungal agents [33].
Some patients with mycetoma due to Fusarium species
respond to itraconazole [130]. Interestingly, the application
of high-concentration nystatin powder (6,000,000 units/g)
has been reported to halt the progression of invasive Fusarium
infection in severely burned pediatric patients [131].
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Adjunctive Therapy
A few small uncontrolled series have shown that patients
with peritonitis following placement of continuous ambulatory peritoneal dialysis catheters or with central venous catheter–related fungemia have a good outcome when the catheter
is removed [10, 33]. Early recognition of Fusarium infection, followed by early aggressive therapy and catheter or
indwelling venous port removal can prevent dissemination of
infection [15]. A child with F. solani endocarditis, possibly
catheter-associated, remained stable following removal of
the catheter and neutrophil recovery. This patient received no
surgical intervention, but a combination of liposomal amphotericin B plus voriconazole was administered for 11 months
despite the in vitro resistance of the organism to all available
antifungal agents [132].
In immunocompetent patients, Fusarium onychomycosis
should be treated with removal of the infected keratin and
topical or systemic antimycotic therapy [33, 133]. Nail avulsion followed by application of ciclopirox ointment and bifonazole ointment or 8% ciclopirox nail lacquer has been reported
to be effective [133]. In patients with hematologic malignancies, Fusarium onychomycosis should be treated aggressively
with nail removal and systemic antifungal therapy.
Surgical resection of necrotic tissue, when possible, is an
important component of therapy against fusariosis [33, 71,
134]. Other potentially beneﬁcial adjuvant therapeutic strategies include shortening the duration of neutropenia with
recombinant granulocyte colony-stimulating factor (G-CSF)
and granulocyte-macrophage colony-stimulating factor
(GM-CSF) and performing granulocyte transfusion from
G-CSF- and GM-CSF-stimulated donors [11, 12, 15]. The use
of G-CSF and GM-CSF has been associated with earlier
recovery of neutropenia and improved survival rates in patients
with invasive fungal infection, including fusariosis [15, 135].
In profoundly neutropenic patients with fusariosis, granulocyte transfusion results in a favorable response rate of 33–50%
[15, 136]. However, confounding factors, such as remission
from an underlying malignancy, recovery of neutrophil counts,
and differences in extent of disease (localized instead of disseminated fusariosis) might cause the effects of this procedure
to be overestimated. The independent contribution of granulocyte transfusions is uncertain at the moment [59].
Other potential adjuvant therapies include interferon-J
and interleukin-15, which enhance hyphal damage by neutrophils against F. solani and F. oxysporum, suggesting a
positive effect of these cytokines on the immune response
against fusariosis [44, 137, 138]. A patient with disseminated
fusariosis was treated successfully using combination antifungal therapy (voriconazole plus micafungin) plus immune
augmentation with donor granulocyte transfusions, recombinant interferon J-1b, and GM-CSF [139].
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Scedosporium apiospermum/Pseudallescheria
boydii
The genus Scedosporium includes S. apiospermum /
Pseudallescheria boydii and S. proliﬁcans. The taxonomy of
this genus is rather complex [140]. At this time, P. boydii is
considered a species complex with considerable variability. S.
apiospermum is the anamorph (asexual state) of P. boydii, and
S. proliﬁcans is a totally different species within the genus
[140]. To further complicate this taxonomy, molecular studies
have indicated that P. boydii and S. apiospermum are distinct
species [141] and have also shown the presence of the newly
described species, S. aurantiacum [142]. When molecular
identiﬁcation was used, S. aurantiacum comprised 45% of the
Australian “S. apiospermum” isolates, and there was documented genetic variability within S. aurantiacum [142].
However, preliminary observations indicate that the epidemiology and clinical relevance of S. aurantiacum may be similar to
that of S. apiospermum [142]. In this section, we therefore discuss the S. apiospermum/P. boydii species complex together.

Epidemiology and Pathogenesis
S. apiospermum can be isolated from a wide variety of natural
substrates, including water, sewage, soil, swamps, waterlogged pastures, coastal tidelands, and poultry and cattle
manure [3, 143]. S. apiospermum is distributed worldwide
[144, 145]. S. apiospermum causes both localized and disseminated infections. The portal of entry is the lung, the
paranasal sinuses, or the skin following traumatic inoculation [140, 143, 146]. In animal models, T-lymphocytedependent immune processes play no major role in resistance
to S. apiospermum [147]. In a recent in vitro study, exposure
to a subinhibitory concentration of caspofungin resulted in a
marked increase in E-glucan exposure that was associated
with a signiﬁcant increase in human polymorphonuclear
neutrophil-mediated hyphal damage of S. apiospermum [96].
Polymorphonuclear neutrophil–induced damage was further
augmented by the addition of anti–E-glucan antibody [96].

Clinical Manifestations
Scedosporiosis comprises a wide spectrum of clinical diseases.
S. apiospermum/P. boydii is the leading cause of eumycetoma
in North America and Western countries [50, 143, 146]. Other
presentations of scedosporiosis include corneal ulcers, keratitis, chorioretinitis, endophthalmitis, otitis, sinusitis, pneumonia, endocarditis, meningitis, cerebritis, arthritis, osteomyelitis,
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and skin, lung, and thyroid abscesses in both immunosuppressed and normal hosts [144, 148–150]. Because it is found
in water, S. apiospermum can cause pneumonia, brain
abscesses, osteomyelitis, and disseminated disease in victims
of near-drowning [143, 145, 151] and tsunami survivors [152].
S. apiospermum/P. boydii isolated from the upper or lower
respiratory tract could represent transient local colonization,
bronchopulmonary saprobic involvement, fungus ball formation, or invasive infection [140]. Conditions that alter the
innate host defense mechanisms, such as neutropenia, corticosteroid therapy, and chronic granulomatous disease, can
lead to invasive fungal infection in a patient whose respiratory
tract is colonized [140].
Scedosporium infections may mimic more common infections in immunologically intact hosts; for example, a lymphocutaneous presentation can mimic sporotrichosis [144],
and chronic lymphadenitis resembles tuberculous lymphadenitis [153]. Bone and joint infections following puncture
wounds of the extremities suffered while gardening have
also been associated with scedosporiosis [154]. Likewise,
S. apiospermum arthritis is most often associated with puncture
wounds, lacerations, bicycle injuries, and podiatric surgery
[144]. S. apiospermum is a rare cause of fungal infection in
intravenous drug abusers [155]. In recent years, an association of S. apiospermum with cystic ﬁbrosis has been reported,
with some patients having asymptomatic colonization, but
others developing a picture indistinguishable from that of
allergic bronchopulmonary aspergillosis [145].
In profoundly immunosuppressed patients, rapidly progressive severe sinopulmonary, sino-orbital, or disseminated
S. apiospermum infection has been reported [36, 144, 146].
Maxillary sinuses are the most common site of S. apiospermum sinusitis [144, 148]. In immunocompromised hosts,
especially in neutropenic patients, hematogenous dissemination as a complication of S. apiospermum pneumonia can
involve almost any organ [143]. Manifestations include thyroid, brain, or renal abscesses; meningitis; osteomyelitis;
endophthalmitis; tenosynovitis; and skin and subcutaneous
disease [143, 144, 156, 157]. Among organ transplant recipients, the median time from transplantation to onset of S.
apiospermum infection was 4 months (range, 0.5–158
months) [158].

Laboratory Diagnosis
Because S. apiospermum, like other agents of hyalohyphomycoses, is histologically similar to Aspergillus species, scedosporiosis cannot be distinguished from invasive
aspergillosis on the basis of histopathology alone [3].
Diagnosis is conﬁrmed if cultures of biopsy specimens demonstrate masses of septate hyphae with terminal oval brown

H.A. Torres and D.P. Kontoyiannis

conidia [146]. True fungemia has been reported in the setting
of scedosporiosis, especially in patients with disseminated
infection [159].
Besides culture methods, serologic procedures, speciﬁc
counterimmunoelectrophoresis or immunodiffusion antibody assays have been reported to be reliable for both diagnosing and prognostically evaluating the various forms of
scedosporiosis [144, 160]. However, these techniques are not
speciﬁc enough to diagnose S. apiospermum infection
because of cross-reactions with Aspergillus and other pathogens and false-negative results [160, 161].
PCR-based assays appear to be useful in the rapid diagnosis of infections caused by S. apiospermum, even before fungal cultures become positive [162]. In situ hybridization
directed against rRNA sequences, while less sensitive than
morphology, is highly accurate and may help to distinguish
S. apiospermum from organisms such as Fusarium species
or Aspergillus species in histologic sections [72].

Susceptibility In vitro
Ketoconazole, ﬂuconazole, itraconazole, amphotericin B,
and voriconazole, have variable activity against S. apiospermum. [85, 160] Amphotericin B and nystatin do not have
fungicidal activity against S. apiospermum. [82, 163]
Itraconazole has been reported to have activity in vitro (MIC
0.25–0.7 Pg/mL) [153, 160], as have miconazole [144] and
posaconazole [79]. Among the azoles, the most potent
in vitro activity is observed with voriconazole (median MIC50
of 0.25 Pg/mL) [140]. In a recent study of S. apiospermum
clinical isolates, 11 of 28 (36%) S. apiospermum isolates had
itraconazole MICs of t 1.0 Pg/mL, and 26 of 28 (93%) S.
apiospermum isolates had amphotericin B MICs of t 2.0 Pg/
mL, and 90% of isolates were inhibited by 1 Pg/mL voriconazole [164]. In other in vitro studies, the voriconazole MICs
for S. apiospermum ranged from 0.06 to 4.0 Pg/mL [88,
111], with voriconazole MICs t 4 Pg/mL observed in only 1
of 57 isolates [88]. In an in vitro and in vivo activity report of
itraconazole, ﬂuconazole, and posaconazole against 30 clinical isolates of S. apiospermum, posaconazole was the most
active drug [165]. Echinocandins also showed antifungal
activity against S. apiospermum, with caspofungin being the
most active (median MIC 0.5 Pg/mL) and anidulafungin
being the second most active (median MIC 1 Pg/mL) [140].
Micafungin showed low minimum effective concentration
values (d 2Pg/mL) for 32 of 36 (88.9%) isolates of S. apiospermum [95], but the in vivo antifungal efﬁcacy of echinocandins has not been demonstrated [36].
In in vitro studies of combination therapy, combinations of
amphotericin B and azole agents exhibited a positive effect
against 15–25% of S. apiospermum isolates, and synergy
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between azole agents and echinocandins was detected for a
few isolates [166]. A combination of voriconazole with micafungin was synergistic against 33% of S. apiospermum isolates [167]; in another report, amphotericin B and micafungin
were synergistic for 31.6% of S. apiospermum isolates [168].
In an immunosuppressed mouse model, posaconazole was
more effective than itraconazole and as effective as ﬂuconazole in preventing death and signiﬁcantly reducing the fungal load of P. boydii from tissues; however, neither drug was
able to eradicate the fungus from the tissues [165].

Treatment
Mortality rates have been reported to be as high as 80% for
patients with S. apiospermum infection [145, 169], and the
mortality rate after near-drowning is high (70%), even in
immunocompetent hosts [170]. Disseminated infection
caused by S. apiospermum is associated with a poor prognosis. In a recent series from Italy on acute leukemia patients
with disseminated S. apiospermum infection, four of ﬁve
patients died of infection despite administration of amphotericin B or voriconazole [169]. In patients with hematologic
malignancies or HSCT recipients, mortality due to S. apiospermum infection was associated with dissemination,
fungemia, intensive care unit admission, APACHE II score
>11, prolonged and persistent neutropenia, and breakthrough
Scedosporium infection [171]. In a review of transplant
recipients with S. apiospermum infection, survival rates were
greater among those receiving voriconazole, but this difference was not statistically signiﬁcant [158].
The virulence and antifungal drug resistance of S. apiospermum as well as the occurrence of infection during neutropenia contribute to the poor outcome [13, 159]. Because
amphotericin B lacks in vitro activity against most
Scedosporium isolates and results in poor in vivo therapeutic
responses, it has been hypothesized that prior use of amphotericin B, by eliminating other more susceptible fungi,
predisposes patients to Scedosporium infections [160].
S. apiospermum is best treated with voriconazole or posaconazole. There is lack of in vitro/in vivo correlation in these
complex cases, and most data on therapy is obtained from
case reports or small case series. In a small number of patients
from a cancer center, 5 of 6 survivors received posaconazole
or voriconazole, and only 1 of 12 patients who died received
a triazole [171].
In the largest published study to date on scedosporiosis,
successful responses to voriconazole therapy were seen in 45
(64%) of 70 S. apiospermum–infected patients [164]. In this
study, all nine successfully treated central nervous system
infections were due to S. apiospermum, and one patient was
coinfected with S. proliﬁcans [164]. Successful treatment of

S. apiospermum endophthalmitis with systemic plus
intravitreal voriconazole combined with vitrectomy has been
described [172]. A patient with multiple brain abscesses
caused by S. apiospermum that progressed despite neurosurgical drainage and treatment with itraconazole, amphotericin
B, and ketoconazole was successfully treated with posaconazole [173].
Reversing the underlying cause of immunosuppression
with G-CSF or GM-CSF and performing aggressive surgical
intervention are essential to survival for patients with invasive scedosporiosis [174]. In addition, adjunctive modalities
such as surgery or use of interferon-J have been reported to
be useful in treating S. apiospermum infections [174]. S.
apiospermum keratitis should be treated aggressively. Early
detection and treatment likely improve visual outcome.
Topical miconazole can be used, as well as other antifungals,
such as natamycin and amphotericin B [150].

Scedosporium proliﬁcans
Epidemiology and Pathogenesis
Scedosporium proliﬁcans (formerly Scedosporium inﬂatum)
is classiﬁed as an imperfect fungus, with a different teleomorph (Petriella species) than S. apiospermum (P. boydii)
[140, 143]. The natural habitat of S. proliﬁcans is the soil,
although it is occasionally detected in the air of hospitals
undergoing reconstruction [34]. Interestingly, S. proliﬁcans
is not distributed worldwide; most cases have been reported
in the northern part of the Iberian Peninsula and Australia,
and a few cases have been reported in the USA, especially in
California and the southern USA [140, 145]. The cause of
this limited geographic distribution is unknown [34].
S. proliﬁcans can colonize the external ear or abnormal
airways of patients with underlying lung disease, such as
bronchiectasis, cystic ﬁbrosis, or lung transplantation [175].
S. proliﬁcans is an increasingly recognized human pathogen
in both immunocompromised and normal hosts [36, 65, 140,
176]. Inhalation is the most likely the major route of acquisition, [34] but the organism also can enter the bloodstream
through an indwelling central catheter [36]. Innate immune
defenses play a critical role in host defense against S. proliﬁcans. [158, 177] Human interleukin-15 also seems to play an
important role in the immunomodulation of host response to
S. proliﬁcans infection by enhancing hyphal damage by neutrophils [44]. In vitro, interferon-J and GM-CSF can enhance
neutrophil superoxide production, increasing the damage of
S. proliﬁcans hyphae by neutrophils and enhancing the fungicidal activity of macrophages-monocytes [36, 138]. In
murine models of S. proliﬁcans infection, combined
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administration of liposomal amphotericin B and G-CSF has
been reported to be effective [178].

Clinical Manifestations
Most reported cases of infection caused by S. proliﬁcans
have been localized infections complicating soil-contaminated wounds in immunocompetent individuals [34, 36].
S. proliﬁcans has also been infrequently reported to cause
posttraumatic osteomyelitis, septic arthritis, keratitis, keratouveitis, endocarditis, endophthalmitis, brain abscesses,
meningoencephalitis, cerebritis, pneumonia, and peritonitis
[143, 144, 179, 180]. This fungus has recently emerged as a
cause of severe opportunistic infections, mainly in profoundly neutropenic patients, allogeneic HSCT recipients,
and HIV-infected patients [158, 175, 179], in whom rapidly
fatal pneumonia and disseminated disease can occur [36].
Among solid organ transplant recipients, the median time
from transplantation to onset of S. proliﬁcans infection was
2.6 months (range, 1–17 months) [158]. The lungs, brain,
and kidneys are the organs most frequently involved in disseminated infections caused by S. proliﬁcans [179]. These
invasive infections generally mimic those produced by other
moulds [34, 181]. For example, cutaneous lesions that mimic
fusariosis can develop during fungemia and disseminated S.
proliﬁcans infection [182]. Because S. proliﬁcans is resistant
to currently used antifungals, it is a not uncommon cause of
breakthrough infection occurring despite prophylactic,
empiric, or targeted therapy with amphotericin B. Similar to
infections caused by Fusarium species, disseminated S. proliﬁcans infections are commonly diagnosed antemortem
because of its ability to grow in blood cultures [36].
Compared with S. apiospermum and S. aurantiacum,
S. proliﬁcans seems to be more frequently associated with
coincident hospital renovation, invasive disease, disseminated
infection, fungemia, and isolation from other sterile sites
[142]. For example, solid organ transplant recipients with
S. proliﬁcans infection were more likely to have fungemia
(40%) than were those with S. apiospermum infection (4.7%)
(P = 0.009) [158]. In patients with hematologic malignancies, neutropenia seems to be more common in patients with
S. proliﬁcans infection than in those with S. apiospermum
infection [171]. Hints that infection may be due to disseminated S. proliﬁcans infection include neutropenia, persistent
fever, and central nervous system symptoms [180].
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[179, 181]. S. proliﬁcans is characterized by its inﬂated
ﬂask-shaped conidiogenous cells [183] and can be easily differentiated from S. apiospermum because the latter has cylindrical, free, or intercalary conidiogenous cells [34]. Recent
data showed that PCR-based diagnostic methods allow quick
and sensitive detection of S. proliﬁcans; however, further
studies are warranted [162].

Susceptibility In Vitro
S. proliﬁcans is typically resistant to the currently available
antifungal agents [184]. To date, there is no effective regimen with activity against S. proliﬁcans infection [171].
Fluconazole and amphotericin B are inactive in vitro against
this fungus [85], as are echinocandins [92, 185]. Itraconazole
and voriconazole have variable activity against S. proliﬁcans
[34, 85, 87, 186, 187], and other broad-spectrum triazoles,
such as ravuconazole and posaconazole, also show activity
against this multiresistant fungus [34, 87, 163, 187]. In a
recent study of 14 clinical isolates of S. proliﬁcans, 13 (93%)
had itraconazole MICs t 1 Pg/mL, all had amphotericin B
MICs t 4 Pg/mL, and voriconazole was as active as, or more
active than, either itraconazole or amphotericin B [164]. In
several reports, the best in vitro activity has been found with
voriconazole, with MICs ranging from 2.0 to 8.0 Pg/mL; 9 of
11 isolates in one study had MICs t 4 Pg/mL [88, 140].
Synergistic in vitro activity has been demonstrated for
amphotericin B and pentamidine in 85–100% of S. proliﬁcans strains [188]. Other in vitro combination studies have
demonstrated synergistic activity of itraconazole and terbinaﬁne against 85–95% of S. proliﬁcans isolates [189] and synergism when terbinaﬁne was added to voriconazole [190].
A combination of voriconazole with micafungin was synergistic against 75% of S. proliﬁcans isolates, [167] and
amphotericin B and micafungin were synergistic for 82.4%
of 17 S. proliﬁcans isolates and 31.6% of 19 S. apiospermum
isolates [168]. In another series, the most active combination
was ravuconazole plus caspofungin, which was synergistic
against 41.7% of 12 S. proliﬁcans isolates [166]. In a murine
model of systemic infection by S. proliﬁcans, micafungin
combined with voriconazole or amphotericin B was able to
prolong survival and to reduce the fungal load in the kidneys
and brain compared with monotherapies [191].

Treatment
Laboratory Diagnosis
Blood cultures are positive for S. proliﬁcans in 70–80% of
cases, especially in patients with disseminated infection

Mortality rates have been reported to be as high as 100% for
S. proliﬁcans infection [171]. Patients with infection due to
S. proliﬁcans have signiﬁcantly reduced survival times and
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were more likely to die from their fungal infection than were
those with S. apiospermum infection [164]. The prognosis
for solid organ transplant recipients with S. proliﬁcans infection is similar to that for HSCT recipients with S. proliﬁcans
infection; in contrast, in S. apiospermum-infected patients,
outcome is worse in HSCT recipients than in solid organ
transplant recipients. [158] More speciﬁcally, the mortality
rate among solid organ transplant recipients has been reported
to be 78% for patients with S. proliﬁcans infection and 55%
for patients with S. apiospermum infection. Among HSCT
recipients, the mortality rate was 78% for patients with S.
proliﬁcans infection and 62% for patients with S. apiospermum infection [158]. In a series of 18 solid organ transplant
recipients with S. proliﬁcans infection, 14 died [158];
fungemia and earlier onset of infection after transplantation
statistically correlated with higher mortality rates [158]. Of
13 patients with S. proliﬁcans infection treated with amphotericin B, 11 died, and 1 of 3 patients who received voriconazole died [158]. Failures of treatment in children with
scedosporiosis occurred primarily in those with S. proliﬁcans
infection [192].
The voriconazole susceptibility range for S. proliﬁcans is
wide, which suggests that elevated higher dosages of voriconazole or combination therapy should be considered to
treat these severe infections [88]. Recent data from a large
multinational study showed successful responses to voriconazole therapy in 16 (44%) of 36 of S. proliﬁcans-infected
patients, many of whom were treated on a salvage protocol
[164]. In this series, patients with S. proliﬁcans infection
were signiﬁcantly less likely to achieve a successful clinical
response to voriconazole therapy than those with S. apiospermum infection [164].
Cases of breakthrough S. proliﬁcans infection have been
reported in severely immunocompromised patients receiving
voriconazole [193] or posaconazole prophylaxis [194].
The combination of voriconazole and terbinaﬁne has been
reported to be successful in some but not all immunocompromised patients with S. proliﬁcans infection [194–196].
Adjunctive measures, such as aggressive surgical debridement and joint washout, were performed in most successfully treated patients [195, 196]. Combinations of
voriconazole and caspofungin [197] or the antiparasitic drug
hexadecylphospocholine (miltefosine) with terbinaﬁne and
voriconazole [198] have been successful in the treatment of
S. proliﬁcans osteomyelitis in immunocompetent children;
other measures, such as surgical debridement or local irrigation, were undertaken in these patients.
The prognosis of patients with S. proliﬁcans infection
depends largely on the host’s immune status, the extent of infection, and the feasibility of surgical removal [179, 194]. Recovery
from neutropenia is considered critical in cases of S. proliﬁcans
infection [171]. Surgical removal of infected tissue, when
possible, and immunorestoration are signiﬁcantly associated

with reduced risk of death from this devastating infection in
patients with hematologic malignancies [144, 176, 180].

Acremonium Species
Epidemiology and Pathogenesis
Acremonium species (formerly Cephalosporium species) are
ubiquitous fungi common in soil, plant debris, and rotting
mushrooms [199]. These hyalohyphomycetes are distributed
worldwide and found in Europe, Asia, Egypt, and North,
Central, and South America [199–201]. Acremonium species
are primarily pathogens of plants and insects and only rarely
cause invasive disease in humans [202]. Acremonium strictum, A. kiliense, and A. falciforme are the most common
human pathogens [200, 203]. Results of a recent phylogenetic analysis indicate that A. falciforme is a member of the
F. solani clade [29].
The skin, lungs, and gastrointestinal tract are the apparent
portals of entry [11]. Most infections are community
acquired, but nosocomial transmission occurs sporadically.
For example, an outbreak of A. kiliense endophthalmitis
occurred in patients who had undergone cataract surgery; the
reservoir was determined to be a contaminated humidiﬁer
within the heating, ventilation, and air-conditioning system
of the ambulatory surgical center [200].

Clinical Manifestations
Following traumatic inoculation, Acremonium species cause
infections ranging from posttraumatic or postsurgical keratitis
to mycetoma in normal hosts [36, 204]. Indolent Acremonium
skin infection has also been reported in immunocompetent
patients [203]. In heavily immunocompromised patients,
fungemia and disseminated infection can be seen [36, 65, 202,
205]. Acremonium species have also been reported to cause
hypersensitivity pneumonitis, sinusitis, arthritis, hemodialysis
access-graft infection, peritonitis, endocarditis, pyomyositis,
cerebritis, and ocular infections [2, 199, 206–208]. Few cases
of disseminated Acremonium infection have been encountered,
most of them in patients with predisposing conditions, such as
neutropenia due to HSCT or primary immunodeﬁciency,
severe immunosuppression due to prolonged corticosteroid
therapy, burns, solid organ transplantation, Addison’s disease,
intravenous drug abuse, and extreme prematurity [201, 209].
Disseminated cutaneous lesions may develop during fungemia
and disseminated infection [11]. The failure rate of antifungal
therapy is high (50%) [199].
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Laboratory Diagnosis
When Acremonium species invade tissue, not only do they
produce hyphae, like Fusarium species, but they also form
adventitious structures within the infected tissue. Speciﬁcally,
Acremonium species have been reported to form phialides,
phialoconidia, and budding yeast-like cells in tissue [202].
These small conidia-like structures can disseminate widely
through the bloodstream, permitting frequent premorten diagnosis based on the recovery of Acremonium species from blood
cultures of patients with disseminated disease or fungemia
[4, 7, 36]. The high frequency of fungemia during Acremonium
infections is explained by angioinvasion with sustained release
of fungal spores into the bloodstream [7]. The presence of
adventitious forms has also been reported in infections with
Aspergillus terreus and Fusarium, Paecilomyces, Scedosporium,
and Blastoschizomyces species. [73, 202]
Acremonium species usually grow on Sabouraud agar
within 5 days at 30°C [200]. When grown in culture, they
produce small conidia on slender phialides, resembling the
early growth of Fusarium species. Further incubation, however, does not reveal the characteristic canoe-shaped macroconidia observed in Fusarium species [11, 36].

Susceptibility In vitro
Acremonium species commonly lack susceptibility in vitro to
current antifungal agents [36]. Using nonstandardized methods
of susceptibility testing, some studies consistently found amphotericin B to be more active than ketoconazole, ﬂuconazole, or
itraconazole against Acremonium isolates [199, 206]. However,
the susceptibility of this genus to amphotericin B, ﬂuconazole,
itraconazole, and voriconazole could be species-dependent. In
support of this, the MICs of all these agents are much lower
against Acremonium alabamensis than against A. strictum [85].
Promising in vitro data have recently been presented for posaconazole, ravuconazole, and voriconazole [84]. Echinocandins
inhibited some of the 10 isolates of Acremonium species [95]
and showed limited activity against A. strictum [210].
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Some infections due to Acremonium species are refractory
to conventional dosages of amphotericin B [36]. Patients with
infections that are unresponsive to amphotericin B deoxycholate therapy are candidates for treatment with lipid formulations of amphotericin B or triazoles [11, 36]. Amphotericin
B lipid complex was successful in two of four immunocompromised patients with Acremonium infection [108]. The combination of surgery and azole derivatives has occasionally been
successful [199]. Several reports note success with voriconazole when amphotericin B formulations had failed. [204,
211] Micafungin was ineffective against disseminated
Acremonium infection in a HSCT recipient [210]. Several
patients with endophthalmitis have been successfully treated
with vitrectomy, repeated intravitreous administration of
amphotericin B, and oral ﬂuconazole [200, 212]. The outcome
of severe Acremonium infection, like the outcome of severe
Fusarium infections, depends on surgical intervention, when
feasible, and the recovery of neutrophil counts [199, 207].

Scopulariopsis Species
Epidemiology and Pathogenesis
The genus Scopulariopsis has several species. Nine species
have been reported to cause human infections: Scopulariopsis
acremonium, S. asperula, S. ﬂava, S. fusca, S. carbonaria,
S. koningii, S. brevicaulis, S. brumptii, and S. candida [213,
214]. S. brevicaulis is the species most frequently associated
with invasive disease [215, 216]. Scopulariopsis species are
common soil saprobes with a wide geographic distribution
[3, 213]. Scopulariopsis species are rare causes of localized
invasive infections following traumatic or surgical injury and
of serious infections in immunocompromised patients [36].
The organisms are identiﬁed by culture of involved tissue; S.
brevicaulis can be isolated in blood cultures [214]. The
detection of this mould by molecular testing is a promising
diagnostic tool [217].

Clinical Manifestations
Treatment
The cure rate for patients with Acremonium infection has
been reported to be 80% in pediatric patients and 63% in
adults [207]. Optimal treatment of Acremonium infections is
not well deﬁned because of their rarity [207]. Amphotericin
B, ketoconazole, itraconazole, ﬂuconazole, ﬂucytosine, voriconazole, and combinations of these antifungal drugs have
been tried with inconsistent results [204].

A variety of infections caused by Scopulariopsis species
have been described: onychomycosis, mycetoma, keratitis,
endophthalmitis, hypersensitivity pneumonitis, endocarditis,
and, occasionally, localized invasive infections following
traumatic inoculation [36, 215, 218]. More severe manifestations such as pneumonia, empyema, brain abscesses, head
and neck abscesses, disseminated infection, and recurrent
multiple subcutaneous or skin lesions have been described in
immunocompromised hosts [214, 215, 219].
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Susceptibility In vitro
Most antifungals have limited in vitro activity against
Scopulariopsis species. As is the case for other hyalohyphomycetes, Scopulariopsis species appear to have inherent
broad-spectrum resistance to different classes of antifungals.
The MICs for amphotericin B, itraconazole, and voriconazole
against S. brumptii have been shown to be > 2 Pg/mL [85],
and ﬂucytosine and itraconazole were inactive in vitro against
all 32 clinical isolates of S. brevicaulis [220]. In 11 clinical
isolates of S. brevicaulis obtained in patients with onychomycosis, MICs ranged from 1 to 16 to Pg/mL for voriconazole
and were >64 Pg/mL for ﬂuconazole [221]. In some studies,
voriconazole showed activity superior to that of amphotericin
B and itraconazole against S. brevicaulis [221], but in others,
reduced susceptibility to itraconazole, voriconazole, posaconazole, and ravuconazole was observed [222, 223].
Terbinaﬁne has been shown to have fungicidal activity against
S. brevicaulis, but was not efﬁcacious in treating nail infections [214]. Echinocandins are inactive in vitro against S.
brevicaulis [95, 214, 216, 224]. Promising results against isolates of S. brevicaulis have been obtained with terbinaﬁne
combined with ﬂuconazole, itraconazole, posaconazole, or
voriconazole and with caspofungin combined with amphotericin B, posaconazole, or voriconazole [221, 222].
Amphotericin B in combination with azole agents did not
exhibit synergy for most S. brevicaulis isolates [222].

predictable and depends on the strain tested and the adjunctive
interventions, such as surgery [222]. Adequate immunoreconstitution appears to be essential to clinical success [214].

Paecilomyces Species
Epidemiology and Pathogenesis
Paecilomyces species are common environmental hyaline
moulds that are seldom associated with severe invasive infections in immunocompromised patients [2, 11, 227–229].
These saprophytic fungi are found worldwide in soil and
decaying vegetable matter and as airborne contaminants in
clinical microbiology laboratories [230].
Most reported infections occurred in immunocompromised patients or those with foreign bodies in place [6, 231].
Acute leukemia, treatment with myeloablative chemotherapy
or HSCT, and presence of neutropenia have been associated
with Paecilomyces lilacinus infections [232]. Of all
Paecilomyces species, only P. lilacinus, P. variotii, P. marquandii, and P. javanicus have been associated with human
mycotic infections [233]. The apparent portals of entry for
this organism are the respiratory tract, indwelling catheters,
and the skin [11, 36, 233]. Outbreaks have occurred and have
been associated with intraocular lens implants and contaminated hand lotion [234].

Treatment
Clinical Manifestations
Most clinical experience with treatment of Scopulariopsis
infection has involved treatment of onychomycosis [214]. To
date, only a few cases of deep-seated Scopulariopsis infection
have been reported; they have occurred in immunocompromised patients, and only the minority has responded to antifungal treatment [219, 225]. On the basis of very limited
in vitro susceptibility data, therapeutic approaches have been
designed to include amphotericin B or new triazoles. In one
report, none of three patients with Scopulariopsis infection
responded to treatment with amphotericin B lipid complex
[108]. Combined surgery and long-term therapy with amphotericin B and itraconazole resulted in a favorable outcome in
some patients with Scopulariopsis infections [226]. A patient
with postoperative endophthalmitis caused by Scopulariopsis
species was successfully treated with intraocular lens extraction, vitrectomy, and intravitreal voriconazole plus systemic
voriconazole combined with caspofungin [216]. Success has
not been consistently reported for S. brevicaulis infections in
immunocompromised patients [219]. Combination therapy
could be an alternative for treating severe Scopulariopsis
infections; however, the effect of combinations is not

Most Paecilomyces infections are associated with the presence
of biomedical devices, such as central venous catheters or
peritoneal catheters, surgically implanted lenses, prosthetic
cardiac valves, cerebrospinal ﬂuid shunts, and breast implants
[6]. Sinusitis, subcutaneous infection, cellulitis, bursitis, endocarditis, peritonitis, pyelonephritis, vaginitis, endophthalmitis,
keratitis, and orbital granuloma caused by Paecilomyces species have been described in both immunocompetent and
immunocompromised patients [2, 230, 233, 234]. Most infections involve the skin or ocular structures [176]. Skin lesions
erupt insidiously and vary in appearance. They can appear as
discrete erythematous papules or as molluscum contagiosumlike lesions similar to those seen in Penicillium marneffei
infection [232]. Erythematous macules, vesicles, pustules, and
nodular lesions are among the different cutaneous manifestations of Paecilomyces infection [228]. The lesions can be similar in appearance to the hemorrhagic necrotizing papulovesicular
and ecthyma gangrenosum-like eruptions seen in Fusarium
infections and in disseminated aspergillosis [232]. In immunocompromised hosts, invasive Paecilomyces infections may
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also manifest as fungemia, soft-tissue infections, pneumonia,
or disseminated infection [11].

Laboratory Diagnosis
Similar to Fusarium species, Scedosporium species, and
Acremonium species, Paecilomyces species can be recovered in
blood cultures from patients with disseminated disease [235].
However, even in high-risk cancer patients, the signiﬁcance of
Paecilomyces isolation from blood is not always clear, and thus
careful clinical assessment is recommended before antifungal
treatment is begun [236]. Of note, Paecilomyces species in culture may be confused with Penicillium species owing to the
similarity in the conidial structures of the two genera [229].
Molecular sequence analysis has been used successfully to
identity P. lilacinus from an invasive infection [229].

Susceptibility In vitro
In vitro studies suggest that P. variotii is the most widely
susceptible Paecilomyces species, whereas P. lilacinus and
P. marquandii tend to be resistant to most antifungals [229].
For example, P. lilacinus is highly resistant in vitro to amphotericin B, ﬂucytosine, and ﬂuconazole, while P. variotii is
usually susceptible to amphotericin B and ﬂucytosine in vitro
[235, 237]. P. lilacinus typically shows high MIC90 values for
all antifungal agents tested. Amphotericin B, itraconazole,
and ketoconazole show variable activity; ﬂuconazole and ﬂucytosine have poor efﬁcacy; and posaconazole, voriconazole,
and ravuconazole have better activity. [36, 80, 84, 85, 88, 184,
228, 232, 238] MICs of 0.25–8 Pg/mL have been reported for
terbinaﬁne [233]. Echinocandins inhibited some isolates of
P. variotii but were inactive against isolates of P. lilacinus [95,
233]. However, as is the case for mould infections in general,
a correlation of susceptibility results for Paecilomyces
species with clinical outcome has not been established [17,
36, 239]. A combination of terbinaﬁne and voriconazole was
the only combination that was synergistic against three strains of
P. lilacinus [240]. In another study involving three isolates of
P. lilacinus, although the interaction was generally indifferent, amphotericin B MICs of >16 Pg/mL were reduced to
0.12 Pg/mL when this drug was combined with voriconazole,
ravuconazole, or terbinaﬁne [233].

Treatment
The management of localized Paecilomyces infections relies
on the surgical resection of infected foci when feasible.
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The optimal antifungal agent for treating systemic infections
has not been deﬁned [36]. Agents reported to be useful against
Paecilomyces include miconazole, griseofulvin, amphotericin
B, ketoconazole, itraconazole, and terbinaﬁne [230, 231,
238]. The in vitro and in vivo multiresistance of P. lilacinus to
amphotericin B, ﬂuconazole, and itraconazole appears to correlate with poor outcome in HSCT recipients [11]. The results
of clinical treatment with amphotericin B vary [109, 235, 237,
239, 241]. Less compromised patients have responded to
amphotericin B followed by itraconazole [11].
The role of itraconazole, voriconazole, posaconazole, and
ravuconazole in the primary treatment of invasive Paecilomyces
infections is unclear, especially in the setting of persistent
neutropenia or immunosuppression [36, 242]. On the basis of
limited clinical experience, voriconazole seems to be the most
effective agent for the treatment of P. lilacinus infection [233].
However, a case of disseminated P. variotii breakthrough
infection in a patient on voriconazole prophylaxis has been
reported [6]. Posaconazole may be a good alternative based
on excellent activity in vitro [233]. Posaconazole salvage
therapy resulted in a slow but persistent response in a highly
immunosuppressed patient with P. lilacinus infection [243].
Triazoles in combination with either amphotericin B or
ﬂucytosine may also be effective in treating Paecilomyces
infections; however, insufﬁcient data are available to conﬁrm
this [239]. A nonneutropenic patient with progressive cutaneous infection due to P. lilacinus was treated successfully
with a combination of caspofungin and itraconazole [228]. A
patient with P. lilacinus peritonitis complicating peritoneal
dialysis responded to combination therapy with voriconazole
and terbinaﬁne and another patient with splenic abscesses
caused by P. variotii was cured by a partial splenectomy and
long-term combination therapy with ﬂuconazole and ﬂucytosine [244]. A patient with P. lilacinus keratitis that did not
respond to topical natamycin and oral itraconazole was successfully treated with topical voriconazole 1% and oral terbinaﬁne in the absence of surgical intervention [245]. Recovery
of neutropenia and removal of central venous catheters, if
present, are essential to resolve the infection [233].

Less Common Agents of Hyalohyphomycosis
Localized infection, severe invasive infection, and disseminated infection caused by Trichoderma species and
Chrysosporium species have been reported, mainly in the
setting of profound immunosuppression [246–251]. Six
species of the genus Trichoderma have been identiﬁed as
human pathogens: Trichoderma longibrachiatum, T. harzianum,
T. koningii, T. pseudokoningii, T. viride, and T. citrinoviride
[252, 253]. T. longibrachiatum is the species most commonly
encountered in patients with invasive infections [252].
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Less common agents of hyalohyphomycosis, such as
Lecythophora mutabilis (formerly Phialophora mutabilis),
Geotrichum candidum, Arthrographis kalrae, Colletotrichum
gloeosporioides, Beauveria bassiana, Cephalotheca foveolata, and Myriodontium keratinophilum, have been reported
to cause infections in both immunocompetent and immunocompromised patients [2, 254–260].

Clinical Manifestations
Trichoderma infections have been sporadically reported in
patients undergoing immunosuppressive therapies, including
chemotherapy for solid tumors or hematologic malignancies or
immunosuppression after HSCT or solid organ transplantation,
and in patients receiving peritoneal dialysis [252]. Sinusitis,
pneumonia, fungemia, brain abscess, hepatic abscess, soft tissue, and disseminated infections have been noted in immunocompromised patients [36, 252, 261]. In addition, Trichoderma
species are frequently responsible for continuous ambulatory
peritoneal dialysis-associated peritonitis. [261, 262] Most
Trichoderma infections are due to T. longibrachiatum and,
rarely, T. citrinoviride [249, 261–265]. Chrysosporium species
have been reported to cause keratitis, osteomyelitis, and severe
invasive infection, including dissemination, in immunosuppressed patients [246–248, 250, 251].

Laboratory Diagnosis
Trichoderma species appear as hyaline moulds indistinguishable from other hyalohyphomycetes in tissue [36]. T. longibrachiatum has been identiﬁed in blood cultures [252].
However, the clinical signiﬁcance of Trichoderma isolation
from blood is unclear, even in cancer patients [236]. DNA
sequencing has been used to identify T. longibrachiatum [5].

Susceptibility In vitro
Most isolates of Trichoderma species show resistance to ﬂuconazole and ﬂucytosine in vitro and are either susceptible or
intermediately resistant to amphotericin B, itraconazole, and
ketoconazole [80, 249, 261]. In a study with 15 isolates of
T. longibrachiatum and 1 isolate of T. harzianum, all strains
showed reduced susceptibility to ﬂuconazole (MICs t 64 Pg/
mL) and amphotericin B (MICs 2 Pg/mL), but lower MICs
of 0.5–1 Pg/mL were detected for voriconazole [266].
Posaconazole was inactive in vitro against most Trichoderma
species [184]. Echinocandins were inactive in vitro against 5
isolates of Trichoderma species [95].

Treatment
Reported mortality rates for Trichoderma infections are as
high as 50% [252]. A reasonable ﬁrst-choice therapy in the
rare case of Trichoderma infection is amphotericin B, either
alone or in combination with itraconazole [108, 261].
However, there is mounting evidence that voriconazole can
be used to successfully treat this infection. In a case of
Trichoderma fungemia, infection resolved with a combination of amphotericin B deoxycholate and voriconazole along
with central catheter removal [252]. In another patient, T.
longibrachiatum pneumonia in a patient with acute leukemia
was treated with a combination of voriconazole and caspofungin [5], and a combination of voriconazole and caspofungin was effective against T. viride pneumonia in another
leukemia patient, in whom immune recovery occurred [267].
Treatment should be individualized according to the type and
extent of the infection and the patient’s underlying predisposing conditions [249]. The role of surgical resection is
uncertain, but can be considered for patients who do not
respond to medical therapy [249].
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Phaeohyphomycoses (Brown-Black Moulds)
John R. Perfect, Barbara D. Alexander, and Wiley A. Schell

Phaeohyphomycosis, a term ﬁrst introduced by Ajello and
colleagues [1], is an encompassing clinical designation for a
spectrum of infections caused by darkly pigmented moulds
[2, 3]. In its simplest deﬁnition, phaeohyphomycosis is an
infection caused by fungi that are characterized by a brownto-black coloration of their vegetative or spore cell walls.
Dark pigmentation of the moulds is caused by deposition
within the cell wall of dihydroxynaphthalene melanin that is
formed through pentaketide metabolism. These moulds collectively are known as dematiaceous fungi. In most cases the
brown coloration of the fungus is apparent in host tissue, but
at times it is revealed only when the fungus is grown in culture. The term phaeohyphomycosis (phaeo: dusky or brown;
hypho: hyphal) is based on characteristics of the fungi as
seen in infected tissue and thus includes many genera and
species.

Taxonomy/Ecology
Within the broad deﬁnition of phaeohyphomycosis, more
than 100 species of dematiaceous fungi have been reported
to be associated with human colonization and disease
[4–6]. These fungi belong to various taxonomic ranks,
including Hyphomycetes, Ascomycota, Basidiomycota, and
Zygomycota. As fungal taxonomy evolves in this era of
molecular studies, reclassiﬁcation of familiar fungi and name
changes should be expected. There is variation in the
numbers of infections caused by various dematiaceous
fungi. Some species are rare causes of disease with only an
occasional case report documented in the literature, and
other species are associated with large series of reported
human cases. The latter include Exophiala jeanselmei
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and Wangiella dermatitidis causing subcutaneous infection
and Cladophialophora bantiana causing cerebral disease.
Infection in humans typically is preceded by traumatic
inoculation with the fungus, although inhalation is the initiating event in some cases. Most dematiaceous fungi are ubiquitous, are cosmopolitan saprobes of soil and decaying matter,
and are pathogens of plants. As a result, dematiaceous fungal
infections occur worldwide. Although there has been no
unique endemic area for most infections, cases can cluster in
certain circumstances. For instance, there is some suggestion
of a southern United States geographic bias in cases of allergic fungal sinusitis associated with dematiaceous fungi [7].
Similarly, chronic phaeohyphomycotic infections of the feet
and legs are noted more frequently in tropical areas, where
people commonly wear sandals or no shoes. In cases of localized skin and soft tissue infections, the mechanism for production of disease often is trauma from contaminated
vegetation; medical instruments, including needles or catheters, have been implicated occasionally. Also, outbreaks of
nosocomial dematiaceous fungal infections may be related to
environmental contamination of ﬂuids, drugs, or medical
equipment [8, 9].
Increased numbers of cases of phaeohyphomycosis have
been observed in medical centers that care for a large
immunocompromised patient population. For instance,
solid organ transplant recipients are at moderate risk for
dematiaceous fungal infections, and phaeohyphomycoses
have been seen at most transplant centers [10–13]. The
transplant recipient, who is exposed to frequent invasive
medical interventions and who has thinning of the skin
due to corticosteroid use, is a particularly susceptible
immunocompromised host for infection with these fungi.
Phaeohyphomycosis is encountered increasingly in immunosuppressed cancer patients as well [14]. The most prevalent severe immunosuppressive event in the world today is
HIV infection, and phaeohyphomycosis has been reported
in this group [15–17]. However, these infections are uncommon events in this special group of immunocompromised
patients compared to other opportunistic fungal infections,
such as cryptococcosis, histoplasmosis, and penicilliosis.
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Pathophysiology
As a descriptive term, phaeohyphomycosis encompasses a
wide variety of phylogenetically diverse pathogenic fungal
species. It is unlikely that there could be consistent unifying
themes accounting for the virulence potential of all agents.
However, several common aspects of fungal pathogenesis
should be emphasized. The presence of melanin has been
implicated by genetic studies to be a virulence factor. A mutant
strain of W. dermatitidis that lacked melanin demonstrated
reduced virulence by the measurement of survival in a mouse
model of infection compared to the wild-type melanin-positive
strain [18, 19]. Further studies used molecular biology methods
to speciﬁcally disrupt a gene involved in dihydroxynaphthalene melanin biosynthesis. The null melanin-negative mutants
were found to be less resistant to neutrophil killing and
concordantly less virulent in acute infection animal models
[20]. Another study conﬁrmed that melanin can protect a fungus from oxidative host cells, such as neutrophils, and may
bind hydrolytic enzymes [21]. However, it should be noted
that nonmelanized fungal cells can persist in tissue and cause
histopathology similar to that seen with the melanized cells
[19]. Melanin also has been identiﬁed as a virulence factor in
other fungi, such as the rice blast fungus, Magnaporthe grisea.
In addition, melanin is a virulence factor for the basidiomycetous human pathogen, Cryptococcus neoformans.
Another area identiﬁed as likely to be important in virulence is chitin biosynthesis. Null mutants made in several of
the chitin synthase genes of W. dermatitidis were less virulent
than the wild-type strain in both immunocompetent and
immunosuppressed murine models [22]. An additional
virulence factor for many dematiaceous fungi is the ability to
adapt locally to the harsh host tissue environment when
introduced through trauma. This adaptive feature is seen in
patients with fungal keratitis and those with subcutaneous
nodules that likely represent direct inoculation into the skin
and subcutaneous tissue.
Several of the dematiaceous fungi appear to have a tropism
for brain tissue. For instance, brain abscesses are common
clinical infections associated with Cladophialophora bantiana,
Ochroconis gallopava, and Rhinocladiella (Ramichloridium)
mackenziei. Finally, infections with dematiaceous fungi can
occur in both immunocompetent and immunosuppressed
patients, and thus some of these fungi are considered primary
pathogens. However, the vast majority of disseminated infections
with dematiaceous fungi, except those with brain infections,
occur in immunosuppressed patients.
Understanding of the host immunology related to the
phaeohyphomycoses remains rudimentary. The importance
of both humoral and cell-mediated immunity has been
demonstrated. For instance, humoral immunity studies have
shown that puriﬁed rabbit IgG can inhibit the growth of
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Fonsecaea pedrosoi [23]. In the evaluation of cell-mediated
immunity, a clinical study in patients with chromoblastomycosis demonstrated a normal response to bacterial antigens
but a partial suppression of cell-mediated immune responses
to fungal antigens at some time during infection [24].
Although risk factor analyses indicate that the host immune
system plays an important role in phaeohyphomycotic infections, much work needs to be done to better characterize the
components of the host responses to dematiaceous fungi.

Risk Factors
Dematiaceous fungi are not primarily equipped to invade the
mammalian host as part of the fungal life-cycle; thus, in most
cases the host presents with some risk factors that allow
establishment and/or dissemination of fungal infection (Table 1).
In an era of increasing numbers of immunocompromised hosts,
phaeohyphomycoses are emerging diseases [14, 25, 26]. Bone
marrow and solid organ transplant recipients are at major risk
for infection [12, 13, 27]. The chronic use of corticosteroids
predisposes to a myriad of immunodepressive actions and
increases the risk of infection for patients who commonly are
exposed to dematiaceous fungi in the environment. Patients
with skin or soft tissue trauma from contaminated plant matter
such as splinters, intravenous drug use, or cardiothoracic
surgery that introduces fungi at the time of surgery [28–32]
have been reported to develop phaeohyphomycosis. An occasional case of phaeohyphomycosis has been observed in AIDS
patients and in those receiving chronic ambulatory peritoneal
dialysis [15–17, 33]. These patient groups are at high risk for
developing infections because of the combination of frequent exposures to dematiaceous fungi and their underlying
immunosuppressive conditions.

Clinical Manifestations
Although the dematiaceous fungi represent a phylogenetically
diverse group of fungi, there are several well-described
clinical syndromes produced by these fungi.

Table 1 Risk factors for dematiaceous fungal infections
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s #ONTINUOUS PERITONEAL
dialysis
s #ORTICOSTEROID THERAPY
s 3INUSITIS
s 4RAUMA
s ()6 INFECTION
s )NTRAVENOUS DRUG USE
s #ARDIOTHORACIC SURGERY
s .EUTROPENIA
s &RESH WATER IMMERSION
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Localized Infections
Superﬁcial Phaeohyphomycosis
This category includes conditions known traditionally as
Tinea nigra and black piedra [34]. Tinea nigra is a darkening
of the skin due to growth in the stratum corneum of Hortaea
werneckii (Phaeoannellomyces werneckii). Although the
condition is harmless because only the stratum corneum is
involved, Tinea nigra can be mistaken for melanoma. Black
piedra is colonization of the hair shaft by Piedraia hortae,
which results in very hard knots of discrete fungal growth
along the shaft.

Cutaneous Phaeohyphomycosis
This condition represents both initial colonization and then
proliferation of the fungus within keratinized tissue, resulting
in a chronic inﬂammatory reaction from tissue invasion [35].
Examples include dermatomycosis secondary to dematiaceous
fungi such as Scytalidium species and onychomycosis due to
Scytalidium or Phyllosticta species. Furthermore, under
certain skin conditions, the dematiaceous fungi may simply
colonize devitalized skin without invading viable tissue.
Treatment of the underlying condition or use of a simple
antiseptic wash will remove these fungi from tissue. However,
in severely immunosuppressed patients, some of these moulds
may produce an aggressive soft tissue infection.

Mycotic Keratitis
Trauma to the cornea can provide a site for fungal organisms
to lodge and grow. The fungus might be present on the
instrument of trauma or as airborne spores that contact an
injured eye. The frequent use of steroid ophthalmic drops for
corneal injuries may aid in fungal invasion of the cornea.
The dematiaceous fungi, as well as species of Aspergillus,
Fusarium, and Paecilomyces, are the main causes of fungal
keratitis. Corneal infections have the potential to progress to
endophthalmitis by spreading into internal ocular structures.
Multiple dematiaceous moulds have caused corneal disease,
but Curvularia, Exophiala, and Exserohilum species are
most commonly noted fungi in these infections [36–40].

Subcutaneous Phaeohyphomycosis
This form of phaeohyphomycosis is relatively common [12–
14, 27, 35, 41]. Patients generally present with solitary,
discrete, asymptomatic, subcutaneous lesions or cysts, which
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can be misdiagnosed as ganglion cysts, epidermal inclusion
cysts, Baker’s cysts, or foreign body granulomas (Fig. 1).
Occasionally, deep subcutaneous ulcers develop, and satellite
lesions rarely occur from autoinoculation. Cysts in the
immunocompetent patient are often chronic and relatively
asymptomatic; they can remain with little observable clinical
change for years, but hyphae can be observed in tissue and
mould will grow in culture from the cyst. Some of these
resected cysts contain the original wood splinter that introduced the fungus into the tissue. Among immunosuppressed
patients these cysts are most commonly seen in solid organ
transplant recipients and patients receiving chronic corticosteroids. Even among immunosuppressed patients, the majority of these skin lesions represent direct or primary inoculation
into tissue rather than skin lesions that result from
dissemination from another site of infection. The most common dematiaceous fungi to produce these subcutaneous
infections are E. jeanselmei, W. dermatitidis, and Phialophora
species.

Foreign Body Phaeohyphomycosis
Indwelling catheters occasionally become colonized with
dematiaceous fungi, and sometimes these moulds produce
disease. This form of phaeohyphomycosis is most commonly
seen as fungal peritonitis in patients receiving chronic
ambulatory peritoneal dialysis [33]. Patients who have
long-duration indwelling subcutaneous intravenous catheters
can develop infection, which is likely related to a breech in
sterile technique or to contaminated material introduced
parenterally [9]. It is important to remove the foreign body in
the treatment of these types of infections. It has not been
established whether the dematiaceous fungi produce a bioﬁlm that enhances attachment to catheters and protects the
organism from host responses and antifungal drugs.

Fungal Sinusitis
Sinus infections with dematiaceous fungi can present in three
forms. Allergic fungal sinusitis presents with histopathologic
evidence of inﬂammatory mucin with eosinophils and hyphae
present within the mucin [42]. A fungus ball or eumycetoma
in the sinus cavity produces disease primarily by obstruction.
There is no fungal invasion into local soft tissue or bone in
either of these two forms[43]. Invasive fungal sinusitis is
manifested by extension of infection into bone and, rarely,
the brain [44]. Aspergillus species, zygomycetes, and
dematiaceous moulds, such as Bipolaris, Curvularia, and
Alternaria species, represent the primary etiologic agents in
invasive fungal sinusitis [6, 42, 45–47].
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Fig. 1 (a) Cystic mass on the dorsum of the right wrist in a patient who had received long-term therapy with corticosteroids. (b) Exposure of the\
cystic structures within the mass. (c) Potassium hydroxide preparation of cyst contents showing pigmented hyphae of Exophiala jeanselmei

Disseminated Infection
Disseminated infection represents spread to distant organs
from a colonized or infected site. The fungus may have
gained entry to the host via surgery or trauma, or by inhalation
from the environment. In certain circumstances, infection
can spread to distant sites such as the heart or brain [30, 48, 49].
Cases of disseminated phaeohyphomycosis have increased
signiﬁcantly over the last decade. More than 85% of these
cases are associated with some type of immunodeﬁciency,
most commonly chemotherapy-induced neutropenia. However,
there are occasional patients with disseminated phaeohyphomycosis who have no apparent risk factors [50–52].
Disseminated disease has been associated with peripheral
eosinophilia, suggesting that certain patients with this
infection have an ineffective TH2 immune response that
allows dissemination [32]. Most patients with disseminated
disease probably do not develop a proper immune response
even when risk factors are not readily apparent.
The most commonly encountered dematiaceous fungi to
produce disseminated disease include those that cause brain
abscesses (Fig. 2) such as C. bantiana, W. dermatitidis
(Exophiala dermatitidis), O. gallopava, and R. mackenziei,
and those that cause meningitis, such as Scedosporium apiospermum [49, 53]. Scedosporium apiospermum is a common

cause of pneumonia or meningitis following near-drownings
in fresh water, and is becoming a more common pathogen in
severely immunosuppressed organ transplant recipients
[54 –57]. Scedosporium proliﬁcans, which is the most common cause of blood culture-positive bloodstream infections
due to dematiaceous fungi, was originally encountered in
bone and joint infections. Fungemia has been documented
frequently as a complication of neutropenia and in patients
with prosthetic heart valves. Scedosporium proliﬁcans
presumably is able to invade blood vessels and sporulate in
situ, releasing a series of unicellular spores into the
bloodstream that eventually become lodged in other tissues
where they subsequently germinate. This phenomenon of
adventitious sporulation has been extensively documented
for other opportunistic moulds [58–60]. After surgical trauma,
prolonged neutropenia, or in the presence of contaminated
catheters, Scedosporium, Bipolaris, and Wangiella species
most commonly produce widely disseminated phaeohyphomycosis [32].

Disease Caused by Speciﬁc Agents
Table 2 matches the most common dematiaceous fungi with
their primary clinical presentations. This list is not comprehensive;
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group of fungi that typically produces CNS infections
includes C. bantiana, O. gallopava, W. dermatitidis, and
R. mackenziei [49, 53, 61, 62]. Ochroconis gallopava has
shown its innate potential for CNS infectivity by causing
outbreaks of fungal encephalitis in turkeys and occasional
cases in humans [63, 64]. For this group of CNS pathogens,
there is some geographic limitation of infection. For example,
R. mackenziei infections have been limited to patients living
in or originating from the Middle East [62, 65].
Along with the known potential of S. apiospermum,
S. aurantiacum, and Pseudallescheria boydii to cause meningitis in diabetics, patients receiving steroid therapy, or
victims of fresh water near-drownings, cases of meningitis
have also been caused by species of Bipolaris, Exophiala,
Alternaria, and Sporothrix schenckii [5, 6, 66–69]. Although
many different dematiaceous fungi have caused disease,
there is clearly a spectrum of virulence potential. For example,
species of genera such as Cladosporium or Rhinocladiella
are environmentally common and more frequent colonizers
of skin and airways than the more pathogenic dematiaceous
fungi, such as F. pedrosoi, F. monophora, W. dermatitidis,
O. gallopava, and C. bantiana. S. schenckii, which is a
dematiaceous mould in culture, is usually classiﬁed as a
dimorphic fungus rather than under the dematiaceous
mould group. However, the propensity of S. schenckii to
produce soft tissue infections through traumatic inoculation does ﬁt the common pattern of infection with dematiaceous fungi.
The clinical syndromes associated with several of the
most common dematiaceous mould genera are summarized
herein. For a more comprehensive description of the mycology of these dematiaceous fungi, the reader is referred to
speciﬁc texts and atlases on dematiacious fungi [4–6].

Fig. 2 (a) Large occipital brain abscess shown on CT scan. (b) Biopsy
stained with hematoxylin and eosin showing pigmented hyphae and
yeast-like forms

more than 100 species of dematiaceous moulds have been
documented as etiologic agents of human disease, and the list
continues to expand as the immunocompromised population
grows. Also, this list emphasizes only the most common clinical
presentations, but other manifestations may occur.
Several speciﬁc features about these selected dematiaceous fungal infections deserve mention. Virtually all cases
of chromoblastomycosis are caused by four species:
Fonsecaea pedrosoi, F. monophora, Cladophialophora
carrionii, and Phialophora verrucosa. The most common
group of dematiaceous fungi encountered in clinical practice
is comprised of Alternaria spp., Bipolaris spp., Curvularia
spp., Exophiala spp., and W. dermatitidis, which are associated with a variety of different clinical presentations. The

Alternaria Species
The most common species is Alternaria alternata, but in the
clinical laboratory, identiﬁcation generally is left at the genus
level. This mould often causes local cutaneous infections
[70–72] (Fig. 3). In addition, it may cause a sinonasal infection characteristically seen in immunosuppressed patients,
which is similar to zygomycosis, but which does not commonly disseminate [73, 74].

Bipolaris Species
Three species cause the majority of disease: B. australiensis,
B. hawaiiensis, and B. spicifera. This genus of brown/black
moulds may infect many different organs of the body and
cause meningitis, sinusitis, keratitis, peritonitis, soft tissue
infections, and endocarditis [31, 38, 51, 75–78].
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Table 2 Dematiaceous fungi and their most common phaeohyphomycoses (Adapted from [5])
Etiologic agent
Clinical presentation
Frequency
Alternaria spp. (alternata)
Aureobasidium spp. (pullulans)
Bipolaris spp. (australiensis,
hawaiiensis, spicifera)
Chaetomium spp. (altrobrunneum);
Achaetomium spp. (strumarium)
Cladophialophora spp. (bantiana,
carrionii)
Cladosporium spp.
Coniothyrium spp. (fuckelii)
Curvularia spp. (lunata)
Exophiala spp.(jeanselmei)

Exserohilum spp. (rostratum)
Fonsecaea spp. (pedrosoi,
monophora)
Lasiodiplodia spp. (theobromae)
Lecythophora spp. (hoffmannii)
Ochroconis spp. (gallopava)
Phaeoacremonium spp. (parasiticum)
Phaeoannellomyces spp. (elegans,
werneckii)
Phialemonium spp. (curvatum,
obovatum)
Phialophora spp. (verrucosa,
richardsiae)
Phoma spp.
Pseudallescheria spp. (boydii)
Rhinocladiella spp. (obovoidea,
mackenziei)
Rhinocladiella spp. (aquaspersa,
atrovirens)
Scedosporium spp. (apiospermum,
aurantiacum, proliﬁcans)
Scytalidium spp. (dimidiatum)
Wangiella spp. (dermatitidis)

References

Osteomyelitis, cutaneous, sinusitis
Peritonitis, cutaneous, spleen infection
Meningitis, sinusitis, keratitis, peritonitis,
endocarditis, disseminated infection
Fungemia, cutaneous, brain abscess

++
+
+++

[5, 6, 71–74]
[5, 6, 14]
[5, 6, 38, 46, 51, 52, 75–78, 128]

+

[70]

Chromoblastomycosis, brain abscess

++

[5, 29, 48, 49, 61, 62, 129–131]

Colonizer, skin, keratitis
Cutaneous, liver infection
Sinusitis, keratitis, endocarditis, subcutaneous
cyst, pneumonitis
Subcutaneous cyst, eumycetoma, keratitis,
meningitis/brain abscess, disseminated
infection, peritonitis
Sinusitis, cutaneous, subcutaneous cyst,
keratitis
Chromoblastomycosis, eumycetoma,
pneumonitis
Keratitis
Subcutaneous cyst, endocarditis, peritonitis
Brain abscess, disseminated infection,
pneumonitis
Cutaneous, subcutaneous cyst
Subcutaneous cyst

+
+
+++

[5, 14, 61]
[6]
[5, 40, 50, 80–84]

++

[5, 8, 41, 85, 86, 98, 112]

+

[5, 38]

++

[5, 6, 87]

+
+
++

[70]
[17, 70]
[5, 11, 49, 62, 64]

+
+

[5]
[70]

Subcutaneous cyst, endocarditis, peritonitis

+

[9, 70]

Chromoblastomycosis, eumycetoma, keratitis,
osteomyelitis, endocarditis
Sinusitis, keratitis, subcutaneous cyst
Eumycetoma, meningitis, pneumonitis,
fungemia, disseminated infection
Brain abscess

++

[5, 6]

+

[70]
[56, 63, 68, 92]

+

[49, 62, 65, 68, 98]

Colonizer, chromoblastomycosis, meningitis

++

[6, 15, 89]

Eumycetoma, meningitis, pneumonitis,
fungemia, disseminated infection
Cutaneous, nail, subcutaneous cyst
Cutaneous, subcutaneous cyst, keratitis, brain
abscess, arthritis, disseminated infection

+++

[55, 66–68, 92–94, 97, 114–118]

+
+++

[17, 70]
[5, 28, 53, 62, 95, 96, 132]

+ Least common; +++ most common

Cladophialophora Species
Species of this genus have undergone several taxonomic
changes over the last few decades, leading to confusion in the
clinical literature. For instance, Cladophialophora bantiana
had previously been named Cladosporium trichoides,
Cladosporium bantianum, and Xylohypha bantiana. Despite
controversy regarding the taxonomy, there is no clinical
confusion about the ability of C. bantiana to cause central
nervous system infection [49, 62]. Dozens of cases of cerebral
phaeohyphomycosis have been reported, making C. bantiana
the most common dematiaceous mould to cause central nervous

system infection (Fig. 4). Occasionally, C. bantiana causes soft
tissue infection. Another species, C. carrioni, is a leading cause
of chromoblastomycosis in Africa and Australia [79].

Cladosporium Species
The vast majority of clinical isolates of this genus represent
colonization of nonsterile body sites [5]. Furthermore,
C. cladosporioides and C. sphaerospermum are among the
most common dematiaceous mould contaminants in the clinical
microbiology laboratory. In order to conclude with certainty
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patients on chronic peritoneal dialysis, endocarditis,
meningitis, and brain abscess [41, 85, 86]. E. jeanselmei is
the major species producing clinical disease.

Fonsecaea Species

Fig. 3 Alternaria alternata skin and subcutaneous infection of the
forearm in a renal transplant recipient

F. pedrosoi historically has been regarded is the most common
cause worldwide of chromoblastomycosis [79]. Occasionally,
this species can cause invasive infection in severely immunosuppressed patients [87]. Because of the pleomorphic
structures of F. pedrosoi, it may be confused with Rhinocladiella
and Phialophora species in culture; thus, specimens need
careful mycologic evaluation [6]. Based on molecular methods, F. pedrosoi recently was determined to consist of three
species: F. pedrosoi, F. monophora, and an as yet unnamed
species. Clinically signiﬁcant isolates appear to be evenly
dispersed among the three species [88].

Phialophora Species
Species of this genus can produce a wide variety of infections ranging from chromoblastomycosis to opportunistic
infections in AIDS patients and organ transplant recipients
[5, 6]. Two of the most common species to infect humans are
P. verrucosa and P. richardsiae.

Rhinocladiella Species
Fig. 4 Hematoxylin and eosin stain of brain tissue showing Cladophialophora bantiana showing light brown pigmented hyphae

that infection is attributable to Cladosporium species, there
should be evidence of infection by direct microscopy, as well
as a pure culture of the fungus, preferably obtained from a
sterile body site.

Curvularia Species
Species of this genus are leading causes of dematiaceous
fungal sinusitis and keratitis but, like Bipolaris species, they
also can produce other infection, such as soft tissue infections, endocarditis, and disseminated disease [50, 80–84].
The most common species associated with clinical disease is
C. lunata.

Exophiala Species
Species of this genus are a leading cause of subcutaneous
phaeohyphomycosis, but they can also cause peritonitis in

Species regularly identiﬁed in the clinical laboratory are
Rhinocladiella atrovirens and R. mackenziei. Because it can
colonize nonsterile sites or appear in cultures as a contaminant, R. atrovirens requires other conﬁrmatory studies, such
as histopathology, to support its signiﬁcance when isolated
from a nonsterile site. Although R. atrovirens has very little
virulence potential, it has produced meningitis in severely
immunosuppressed patients, and there is one reported
case of eumycetoma caused by this organism [15, 89].
Ramichloridium mackenziei recently was reclassiﬁed as
Rhinocladiella mackenziei. At least 19 brain infections have
been reported due to R.. mackenziei [49, 62, 65].

Scedosporium Species and Pseudallescheria boydii
Historically, Scedosporium apiospermum and Pseudallescheria boydii have been regarded as having an anamorph–
teleomorph connection. However, this has been disproved
based on nucleic acid sequence analysis, primarily of the
E-tubulin gene, and clinical isolates now have been recharacterized as belonging mainly to three distinct species, namely,
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Pseudallescheria boydii, Scedosporium apiospermum, and
S. aurantiacum [56, 90, 91]. Some mycologists have suggested these organisms be regarded as dematiaceous fungi
because their colonies vary from smoky gray to dark brown
in color. However, consensus places diseases caused by the
species within the hyalohyphomycoses or hyaline moulds.
Thus, for a detailed discussion of these infections, see the
Chapter on hyaline moulds.
Clinical syndromes caused by these species incude
disseminated disease, including central nervous system
involvement, in patients with diabetes, those receiving
corticosteroids, and near-drowning victims [92]. Eumycetoma
are more common than disseminated infections. Relatively
few clinical isolates have been reidentiﬁed using the
combined approach of molecular and morphologic data
analysis. Re-examination of 11 isolates from near-drowning
victims found 8 were S. apiospermum, 2 were S. aurantiacum,
and 1 was P. boydii. Antifungal susceptibility testing of these
11 isolates showed no species-speciﬁc pattern [56]. The
common occurrence of S. apiospermum in the environment
and the frequent use of empirical polyene drugs against
which this fungus exhibits clinical resistance has enabled S.
apiospermum to become an emerging pathogen in severely
immunosuppressed patients. Scedosporium proliﬁcans is
another emerging pathogen [93, 94]. In addition to
eumycetoma, it causes a range of infections similar to those
of S. apiospermum. In patients with disseminated disease
secondary to S. proliﬁcans, blood cultures are likely to be
positive, probably due to the ability of this species to form
unicellular spores within the lumen of invaded blood vessels
[58, 60]. Disseminated infection due to S. proliﬁcans is
frequently fatal, as this organism is resistant to most currently
available antifungal agents.

Wangiella Species
Wangiella (Exophiala) dermatitidis can cause localized infection of skin, subcutaneous tissue, and also systemic infection
involving the brain, joints, and eye [49, 53, 62, 95, 96]. Among
the dematiaceous fungi, W. dermatitidis probably is the beststudied pathogen with respect to its molecular biology, animal
model experimentation, and virulence factors.

Diagnosis
Unfortunately, there are no available serologic tests to diagnose
infection with these fungi. Detection of infection due to
dematiaceous fungi depends on direct microscopic examination
of specimens as well as fungal culture. Tissue histopathology
seen with phaeohyphomycosis is characteristic. The causative
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fungi can produce several morphologies in the tissue, including
budding yeast-like forms, pseudohyphae, moniliform hyphae,
true hyphae, enlarged subglobose cells, or various combinations
of these forms. Routine stains, such as hematoxylin and eosin,
are usually adequate for detecting dematiaceous fungi, as the
intrinsic brown color of cells can be detected. However, not all
dematiaceous fungal structures appear brown in tissue with
the hematoxylin and eosin stain. Species of the genera
Alternaria, Bipolaris, and Curvularia often appear to be
hyaline in tissue due to a paucity of melanin formation in vivo:
the dematiaceous nature of these species is evident when
grown in culture. The methenamine silver stain can be more
sensitive than the hematoxylin and eosin stain, but the silver
stain also obscures the intrinsic color of the pathogen. The
presence of melanin within the fungus in tissue specimens can
be conﬁrmed by use of the Fontana-Masson stain. Other fungi,
such as Aspergillus fumigatus and Coccidioides species,
occasionally stain with Fontana-Masson stain but less
uniformly than dematiaceous moulds.
Dematiaceous fungi can occur as contaminants of body
surfaces and/or clinical specimens. In order to document
infection, material for culture and direct examination should
be obtained from sterile body sites or from tissue in which
histopathology conﬁrms fungal invasion. The calcoﬂuor-KOH
procedure is relatively quick and extremely helpful in
detecting the presence of fungi in specimens, although it
should be noted it is not reliable for detecting the heavily
melanized cells found in chromoblastomycosis. Specimens
must not be allowed to become desiccated prior to processing for culture, and tissue specimens should be minced rather
than homogenized and then placed onto media. Standard
fungal media will support growth of these fungi. Some
dematiaceous fungi will be inhibited by cycloheximide;
therefore a culture plate without this inhibitor should also be
used. Blood cultures may be positive in cases of disseminated
disease with Scedosporium species, notably S. proliﬁcans
[97]. In addition, Exophiala and Rhinocladiella species have
also been recovered from blood during nosocomial outbreaks
characterized by fungemia [98].
The identiﬁcation of dematiaceous fungi to genus and
species levels traditionally is determined by macroscopic
and microscopic morphology, supplemented by temperature
tolerance testing in some cases [5, 6]. Increasingly, nucleic
sequence analysis is being used, and the ideal approach is to
combine molecular and morphocentric data in the identiﬁcation
process [56, 88–91, 99]. Though the details for identiﬁcation
of each speciﬁc dematiaceous fungus producing human
disease are beyond the scope of this chapter, it is important to
recognize that proper identiﬁcation is important, and expert
mycologic input may be necessary. Correct identiﬁcation of
genus and, in many cases, species can help establish the
clinical signiﬁcance of a given isolate, predict the extent of
infection and the prognosis, and may help predict the drug
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susceptibility pattern and thus the choice of an appropriate
antifungal agent. Unfortunately, correct identiﬁcation can
require expertise that often is not readily available. Though
molecular methods hold promise for improving accuracy of
laboratory identiﬁcation of moulds, at this time, identiﬁcations in the great majority of clinical laboratories continue
to be based almost exclusively on morphologic study of
macroscopic and microscopic features.

Treatment
With regard to the treatment of phaeohyphomycosis, the majority of clinical experience represents isolated cases or small
series of infections with multiple different fungi. While evidence-based algorithms for treatment are not robust, there are
several surgical and medical strategies that should be
considered.

Surgical Measures
Surgery is an integral part of any treatment strategy. In soft
tissue infections, the surgical approach varies. Best results for
an ulcerative lesion of the skin or soft tissue without a deﬁned
cyst are obtained with careful debridement and even use of
Mohs-type micrographic surgery, a procedure in which infected
tissues are excised at a 45-degree angle with subsequent
identiﬁcation of residual infection using light microscopy. This
method provides histologic control of the surgical margins and
helps achieve a low recurrence rate with maximal preservation
of uninvolved tissue [100]. With surgery, lavage of residual
tissue after surgery with an antiseptic agent is probably helpful,
since fungal organisms might remain in the wound. For a subcutaneous cyst, complete removal of the encapsulated structure
can be curative, but care must be taken not to leak contents into
the wound. Simple aspiration of cyst ﬂuid is not optimal.
For a single brain abscess, surgical debridement with
adjunctive medical therapy is recommended for cure [101].
While complete surgical removal of a brain abscess may not
be possible, even partial debulking of the brain mass is
helpful. Occasionally, infection may be spread with surgery,
but this is not a primary concern when patients are receiving
antifungal agents [102]. Although medical treatment of
brain abscesses alone occasionally has been successful,
there are many reported failures without a combined medical–surgical therapeutic approach [11]. Medical treatment
only should be reserved for patients with multiple abscesses
and for patients in whom surgery is contraindicated.
In cases of sinus disease eumycetoma, removal of the
fungal mass through endoscopy may be curative [103]. True
eumycetoma in the extremities can be indolent and difﬁcult to
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manage. Because of chronic scarring, ﬁstula formation in soft
tissue, and possible bone involvement, obtaining disease-free
margins via surgery is difﬁcult. In these circumstances, medical therapy may be the best option.

Antifungal Agents
Antifungal drugs have been used in the management of
phaeohyphomycosis, based on in vitro and in vivo evidence
for antifungal drug activity [104–107]. While it is beyond the
scope of this chapter to detail the antifungal activity against
each genus and species, several general comments on medical
therapy are in order. Polyene drugs show modest antifungal
activity in vitro against dematiaceous fungi and have been
used in the treatment of some disseminated infections.
However, polyenes are not consistently used as primary
therapy for these infections. Flucytosine has in vitro
antifungal activity against several dematiaceous fungi, but
should be used in combination with other agents because of
rapid development of drug resistance when used alone.
The azole drugs are commonly chosen in treatment
strategies for phaeohyphomycosis because these agents
exhibit moderate-to-excellent in vitro antifungal activity
against dematiaceous fungi and can be given safely for
prolonged periods. Among the older azoles, itraconazole has
been best-studied, with a reported success rate of over 60%
in one series [108]. The newer triazoles – voriconazole and
posaconazole – have moderate to excellent in vitro activity
against dematiaceous moulds and are thus promising drugs
for treatment of phaeohyphomycoses [104–106, 109]. In
fact, most dematiaceous fungal infections in single case
reports or small series have responded to these triazoles
[110–112]. In an animal model of cerebral Rhinocladiella
infection, posaconazole was found to be more effective than
itraconazole or amphotericin B [113].
Disease caused by Scedosporium apiospermum, S. aurantiacum, and Pseudallescheria boydii, which are resistant to
amphotericin B, frequently responds to the newer triazoles
such as voriconazole or posaconazole; in some cases these
azoles have enabled dramatic clinical recoveries and have
much better responses to treatment than Scedosporium proliﬁcans [114–116]. On the other hand, Scedosporium proliﬁcans
appears to be resistant to most classes of available antifungal
drugs and only occasionally responds to the extended-spectrum triazoles [116, 117]. The outcome in cases of disseminated disease is very poor, and this is particularly relevant
among patients with hematologic malignancy [118].
Combinations of drugs have been tested for use against this
fungus, but the clinical relevance of this approach remains
unclear. It is likely that these extended-spectrum triazoles will
become ﬁrst-line therapy for phaeohyphomycosis.
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Terbinaﬁne, with or without an azole, remains an uncertain
treatment for phaeohyphomycoses [13, 119], and the decision
to use this agent should probably be guided by the results of
in vitro susceptibility testing on a speciﬁc isolate. The echinocandins, which inhibit the synthesis of 1,3-beta-d-glucan
that is crucial to fungal cell wall integrity, have inhibitory in vitro
activity against many dematiaceous fungi [106, 120, 121], but
there has been no signiﬁcant clinical experience with these
agents. If used, the echinocandins would probably be part of
a combination antifungal drug strategy. Drug combinations
in vitro commonly show additive or synergistic activity
against these fungi [13, 107, 122]. However, there are no controlled clinical data to support the use of combination therapy.
Until such studies are performed, two or three drug combinations, such as polyene, ﬂucytosine, terbinaﬁne, and/or a triazole, should be reserved for disseminated or intracranial
disease with limited surgical options.

Adjunctive Measures
Immune modulation has been considered for treatment of
some phaeohyphomycoses. In allergic fungal sinusitis, corticosteroids are used to decrease immune stimulation.
Additionally, immunotherapy has been advocated by some
experts in an attempt to decrease the allergic reaction to fungal antigens, but the precise value of this therapy remains
unclear [123]. In patients with invasive dematiaceous fungal
infections, control of the underlying disease and decreasing
immunosuppression are important. Decreasing the dosage of
corticosteroids and using agents to increase neutrophil counts
should be a primary focus of management.
Another important aspect of treatment relates to the use of
antifungal susceptibility tests. There is now an approved
standardized method for performing in vitro antifungal susceptibility testing against the dematiaceous moulds, and work
is ongoing to expand and reﬁne its application [124–127].
In certain unique infections with dematiaceous fungi, an
assessment of the in vitro antifungal activity of potentially
useful antifungal agents may be useful.
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Part V

Mycoses Caused by Dimorphic Fungi

Histoplasmosis
Carol A. Kauffman

Histoplasmosis, the most common endemic mycosis in the
United States, is caused by Histoplasma capsulatum var.
capsulatum. Histoplasma capsulatum var. duboisii causes
African histoplasmosis, which has different clinical manifestations. Histoplasma capsulatum is a thermally dimorphic
fungus; in the environment and at temperatures below 35°C,
it exists as a mould, and in tissues and at 35–37°C, as a yeast.
In the highly endemic area, along the Mississippi and Ohio
River valleys in the United States, most persons are infected
in childhood. The primary site of infection is the lungs following inhalation of the conidia from the environment. The
severity of disease is related to the number of conidia inhaled
and the immune response of the host; the primary host
defense mechanism against H. capsulatum is cell-mediated
immunity. Pulmonary infection is asymptomatic or only
mildly symptomatic in most persons who have been infected;
acute severe pneumonia and chronic progressive pulmonary
infection also can occur. Asymptomatic dissemination of
H. capsulatum to the organs of the reticuloendothelial system
occurs in most infected individuals; however, symptomatic
acute or chronic disseminated histoplasmosis, which is a
life-threatening infection, occurs almost entirely in persons
who have deﬁcient cell-mediated immunity. Antifungal therapy
is highly effective. For patients with mild-to-moderate histoplasmosis, itraconazole is the treatment of choice; for patients
with severe infection, amphotericin B is required.

Organism
Histoplasmosis was ﬁrst described and the organism given
its name in 1904 by Samuel Darling, a physician working at
the Canal Zone Hospital in Panama. He erroneously thought
the organism, which in tissues resembles Leishmania, was a
parasite. Within a few years it became clear that this organ-
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ism was indeed a fungus. Several decades later it was shown
that H. capsulatum was a thermally dimorphic fungus, and
by 1949, an environmental reservoir for H. capsulatum had
been proved by Emmons.
Two varieties of H. capsulatum are pathogenic for humans:
H. capsulatum var. capsulatum and H. capsulatum var.
duboisii. These organisms mate in the laboratory and thus
have been assigned varietal, rather than species, status.
At 25–30°C, the organism exists in the mycelial form; the
colony is white to tan in color. The aerial hyphae produce
two types of conidia: Macroconidia (tuberculate conidia) are
thick-walled, 8–15 Pm in diameter, and have distinctive projections on their surfaces. Microconidia are smooth-walled,
2–4 Pm in diameter, and are the infectious form (Fig. 1).
H. capsulatum var. capsulatum and H. capsulatum var.
duboisii are indistinguishable in the mycelial phase.
At 37°C in tissues and in vitro, the organism undergoes
transformation to the yeast phase. In vitro, the colony is
cream-colored and becomes gray with age. In tissues, the
two varieties of H. capsulatum differ in their appearance.
H. capsulatum var. capsulatum appears as tiny 2–4 Pm oval
budding yeasts often found inside macrophages (Fig. 2a and b).
Histoplasma capsulatum var. duboisii is larger, 8–15 Pm,
thick-walled, may appear as short chains in tissues, and
shows the “scar” from which its bud has been released at one
end [1] (Fig. 2c).
In addition to the above two human pathogens, there is a
third variety, Histoplasma capsulatum var. farciminosum,
which is a pathogen of horses and mules. This organism
causes lymphangitis in equines from the Middle East, northern Africa, central and southern Europe, Japan, the
Philippines, and southern Asia [2]. The disease is characterized by multifocal suppurative lymphangitis and ulcerated
cutaneous lesions that usually affect the head and forequarters; mucous membranes of the nares and oropharynx can
also become ulcerated. Systemic infection does not occur.
In this chapter, H. capsulatum var. capsulatum is referred
to simply as H. capsulatum and H. capsulatum var. duboisii
as H. duboisii. Most of the chapter focuses on H. capsulatum, with additional comments, when relevant, regarding
infection due to H. duboisii.
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Fig. 1 Mycelial phase of H. capsulatum grown at 25°C showing mostly
tuberculate macroconidia and a few smaller microconidia

Ecology and Epidemiology
Histoplasmosis occurs throughout the world, but is most
common in North and Central America. Isolated cases have
been reported from Southeast Asia, Africa, and the
Mediterranean Basin [3]. In the United States, H. capsulatum is endemic in the Mississippi and Ohio River valleys and
in localized areas in several mideastern states (Fig. 3). In the
environment, H. capsulatum appears to have precise growth
requirements related to humidity, acidity, temperature, and
nitrogen content, but all of the speciﬁc conditions needed for
growth in the soil have not been completely elucidated. What
is known, however, is that soil containing large amounts of
droppings from birds or bats supports luxuriant mycelial
growth [4]. The soil under blackbird roosts and around
chicken coops is especially likely to harbor H. capsulatum.
Birds themselves are not infected with H. capsulatum, but
can transiently carry the organism on beaks and feet and contribute to its spread. Once contaminated, soil yields H. capsulatum for many years after birds no longer roost in the
area. Bats, in contradistinction to birds, can become infected
with H. capsulatum and excrete the organism in their feces
[5]. Intestinal carriage by bats and their migratory patterns
help to ensure expansion of geographic areas yielding
H. capsulatum.
Infection with H. capsulatum results from passive exposure
that occurs during typical day-to-day activities or from active
exposure related to occupational or recreational activities.
Most cases are sporadic, related to passive exposure, and not
associated with a known source. Every year hundreds of thousands of individuals in the United States are infected with
H. capsulatum; most of these individuals are not aware of this
event. The two largest outbreaks ever reported were both associated with passive exposure of hundreds of thousands of peo-

Fig. 2 Yeast phase of Histoplasma. (a) Smear of lung biopsy specimen
stained with Giemsa stain showing 2–4 Pm yeasts within an alveolar
macrophage, typical of Histoplasma capsulatum; (b) Lung biopsy
specimen stained with methenamine silver stain showing numerous
budding yeasts of H. capsulatum; (c) KOH preparation of an aspirate
taken from an abscess in bone showing thick-walled yeast forms typical
of H. duboisii (Photo courtesy of Dr. Bertrand Dupont)

ple to H. capsulatum during urban construction projects in
Indianapolis [6, 7]. In other outbreaks, workers became
infected after involvement in speciﬁc activities, such as cleaning
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Fig. 3 Histoplasmin reactivity in the continental United States among
275,558 white male naval recruits, ages 17–21 years [112]

bird or bat guano from bridges or heavy equipment or tearing
down or cleaning out old buildings, especially chicken coops
[8, 9]. Other outbreaks have been associated with recreational
pursuits, such as spelunking [10] and ecologic volunteer
efforts [11].
AIDS has had a signiﬁcant effect on the epidemiology of
histoplasmosis in the highly endemic areas [12–14]. In the
early 1990s, the rates of histoplasmosis in AIDS patients
were as high as 12/100 patient-years in Kansas City, and
10/1,000 AIDS patients in Houston [12]. This has decreased
markedly with antiretroviral therapy. Most cases of histoplasmosis in AIDS patients now are seen in those who are
newly diagnosed with HIV infection [14]. Increasingly, histoplasmosis is reported among patients who have received
solid organ transplants, corticosteroids, and tumor necrosis
factor (TNF) antagonists [15–18].
Histoplasma duboisii is more restricted in its geography,
and occurs only in Africa between the Tropic of Cancer and the
Tropic of Capricorn. Within these boundaries, most cases occur
in Nigeria, Mali, Senegal, and Zaire. The exact ecologic niche
the organism occupies has not been determined, but cases have
been described in association with bat guano [1, 19]. Cases of
African histoplasmosis reported outside the endemic area have
all been among travelers or immigrants from Africa [20].
H. duboisii has been reported to cause more severe disseminated infection in patients with HIV infection [20, 21].

Pathogenesis
The microcondia of the mycelial phase of H. capsulatum are
2–4 Pm, a size that allows them to be easily aerosolized and
inhaled into the alveoli of the host. At 37°C, the organism
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undergoes transformation to the yeast phase from the mycelial
phase. Phagocytosis of either form (conidia or yeast) by alveolar macrophages and neutrophils occurs through binding of
the organism to the CD18 family of adhesion promoting glycoproteins [22]. The yeast form of H. capsulatum is uniquely
able to survive within the phagolysosome of macrophages
through several mechanisms, including the ability to resist
killing by toxic oxygen radicals and to modulate the intraphagosomal pH [23–25]. Iron and calcium acquisition by the
yeast are important survival tools, allowing growth within
the macrophage [25]. Surviving within the macrophage, H.
capsulatum is transported to the hilar and mediastinal lymph
nodes and subsequently disseminates hematogenously
throughout the reticuloendothelial system in most cases of
histoplasmosis.
After several weeks, speciﬁc T-cell immunity develops,
macrophages become activated, and then killing of the organism ensues [24]. At this point, long-lasting immunity to
H. capsulatum occurs. Experimental animal models show the
importance of CD4 cells in developing speciﬁc immunity to
H. capsulatum [26]. Interferon-gamma produced by CD4 cells
is probably the most important factor for activation of macrophages, but TNF-alpha also plays a central role in immunity
to H. capsulatum [27]. Other cytokines (IL-1, IL-12, GM-CSF)
also aid in containing the organism [24, 28].
The clinical corollary in humans to the studies in the
murine model is that most patients with severe infection with
H. capsulatum are those with cellular immune deﬁciencies,
especially those who have advanced HIV infection and low
CD4 counts [29], transplant recipients [15, 18], those receiving
TNF antagonists [16, 17], and rarely persons with genetic
defects, such as interferon-gamma receptor deﬁciency [30].
Of all the human mycoses, histoplasmosis appears to be the
most pure example of the pivotal importance of the cellmediated immune system in limiting infection.
The extent of disease is determined both by the immune
response of the host and the number of conidia that are
inhaled. A healthy individual can develop severe life-threatening pulmonary infection if a large number of conidia are
inhaled. This might occur during demolition of or renovations to old buildings or as a result of spelunking in a heavily
infested cave. Conversely, a small inoculum can cause severe
pulmonary infection or progress to acute symptomatic
disseminated histoplasmosis in a host whose cell-mediated
immune system is unable to contain the organism.
Most persons who have been infected have asymptomatic
dissemination; only rarely will this lead to symptomatic
disseminated histoplasmosis [5]. However, because dissemination is the rule, latent infection probably persists for a lifetime,
and reactivation can result if the host becomes immunosuppressed. Presumably, this is the mechanism by which
persons who were born in the endemic area and had not
returned for years develop histoplasmosis years later [31, 32].
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In immunosuppressed patients, histoplasmosis is most often
acquired as a new infection from an environmental exposure,
but also can result from reactivation of a latent infection that
was acquired years before. In solid organ transplant recipients, H. capsulatum has rarely been transmitted with the
donor organ [15].
Although uncommon, reinfection histoplasmosis can
occur in persons who previously were infected and occurs
most often after exposure to a heavily contaminated point
source [33]. Reinfection histoplasmosis is usually less severe
than primary infection because there is residual immunity
induced by the initial episode.

Clinical Manifestations
Acute Pulmonary Histoplasmosis

Fig. 4 CT scan of a patient with acute pulmonary histoplasmosis. Note
hilar adenopathy and patchy pneumonitis

The usual result of exposure of a normal host to H. capsulatum is asymptomatic infection (Table 1). In the highly endemic
area, as many as 85% of adults have been infected with H.
capsulatum, and most have not had symptoms that were
attributed to histoplasmosis. Symptomatic acute pulmonary
histoplasmosis is most often manifested as a self-limited illness characterized by dry cough, fever, and fatigue.
Approximately 5% of patients will develop erythema nodosum [34], and 5–10% will develop myalgias and arthralgias/
arthritis [35]. Joint involvement is usually polyarticular and
symmetric. Chest radiographs show a patchy pneumonitis in
one or more lobes, often accompanied by hilar or mediastinal
lymphadenopathy [36] (Fig. 4). Some patients have only hilar
lymphadenopathy; when this is accompanied by arthralgias
and erythema nodosum, the clinical picture can mimic sarcoidosis and the two must be differentiated. Improvement within
several weeks is typical, but in some individuals fatigue may
linger for months. Joint symptoms usually resolve over several weeks in response to anti-inﬂammatory therapy.
When a person is exposed to a heavy inoculum of H. capsulatum, acute severe pulmonary infection, sometimes termed

Fig. 5 Acute severe pulmonary histoplasmosis occurring in a
construction worker who cleaned bird and bat guano from a bridge prior
to painting the structure. The patient responded quickly to amphotericin
B therapy

Table 1 Classiﬁcation of clinical manifestations of histoplasmosis
Acute pulmonary
Chronic cavitary pulmonary
Complications of pulmonary histoplasmosis
Mediastinal granuloma
Fibrosing mediastinitis
Broncholithiasis
Pericarditis
Disseminated
Acute
Chronic progressive
Endocarditis
Central nervous system

epidemic histoplasmosis, can ensue [36, 37]. Symptoms
include high fever, chills, fatigue, dyspnea, cough, and chest
pain. Acute respiratory failure and death can ensue. Chest
radiographs show diffuse reticulonodular pulmonary inﬁltrates; mediastinal lymphadenopathy may or may not be
present (Fig. 5). Over the ensuing months to years following
resolution of the pneumonia, calciﬁed nodules may develop
throughout the lung ﬁelds [38] (Fig. 6).
If a physician sees several cases that appear to be similar
and that share a possible exposure or if the patient recounts
that several of his or her associates have a similar illness, then
the possibility of a fungal etiology is more likely to be
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Fig. 6 Diffuse calciﬁed nodules throughout the lung ﬁelds in a patient
who had acute pulmonary histoplasmosis 20 years earlier

entertained. Sporadic cases almost always are initially thought
to be due to one of the usual causes of community-acquired
pneumonia. Only after the patient fails to respond to several
courses of antibiotics is the possibility of a fungal pneumonia
raised. A history of activities in an area endemic for H. capsulatum that are likely to lead to exposure to the organism
several weeks prior to the onset of symptoms should lead to
further diagnostic tests for histoplasmosis. Included in the
differential diagnosis of acute pulmonary histoplasmosis are
acute pulmonary blastomycosis and pneumonias due to
Mycoplasma, Legionella, and Chlamydia. Hilar and mediastinal lymphadenopathy, common with histoplasmosis, are
occasionally seen with blastomycosis but are rarely, if ever,
noted with pneumonia due to the other organisms.
Acute pulmonary histoplasmosis in patients who have
cell-mediated immune defects is more severe than in normal
hosts. Prostration, fever, chills, and sweats are prominent;
marked dyspnea and hypoxemia can progress quickly to
acute respiratory distress syndrome (ARDS). Chest radiographs show diffuse bilateral inﬁltrates (Fig. 7). Dissemination
to other organs is common.

Chronic Pulmonary Histoplasmosis
Chronic pulmonary histoplasmosis occurs almost entirely in
older persons, predominantly men, with underlying chronic
obstructive pulmonary disease (COPD) [39, 40]. The clinical
manifestations include fatigue, fever, night sweats, chronic
cough, sputum production, hemoptysis, dyspnea, and weight
loss. This form of histoplasmosis is characterized by cavity

Fig. 7 Acute severe pulmonary histoplasmosis occurring in a kidney
transplant recipient. Diffuse pulmonary inﬁltrates are present and the
patient was markedly hypoxemic

formation in the upper lobes and progressive ﬁbrosis in the
lower lung ﬁelds (Fig. 8). The extensive scarring is thought to
be related to the host’s response to H. capsulatum antigens.
Pleural involvement is uncommon. The disease is manifested
by progressive respiratory insufﬁciency and if not treated is
fatal in about 40% of patients [39, 41, 42]. A more recent
study from the Mayo Clinic that was far less proscriptive in
its deﬁnition of chronic pulmonary histoplasmosis, found that
48% of the cases were in women, and only 20% of patients
had COPD [43]. In many aspects, chronic cavitary pulmonary
histoplasmosis mimics reactivation tuberculosis. The differential diagnosis of chronic pulmonary histoplasmosis also
includes nontuberculous mycobacterial infections, blastomycosis, sporotrichosis, and coccidioidomycosis.

Complications of Pulmonary Histoplasmosis
Mediastinal Granuloma. Involvement of mediastinal lymph
nodes is common during the course of acute pulmonary histoplasmosis. However, mediastinal granuloma, characterized
by massive enlargement of mediastinal lymph nodes that frequently undergo caseation necrosis, is distinctly uncommon.
These nodes can remain enlarged for months to years and
can lead to impingement on airways or major vessels, displacement of the esophagus, or formation of ﬁstulae between
the nodes and adjacent structures in the mediastinum [36, 44].
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Fig. 9 CT scan of a young woman who developed mediastinal granuloma due to Histoplasma capsulatum. The multiple enlarged mediastinal and left hilar lymph nodes had been present for at least 1 year at the
time this scan was performed

Fig. 8 Chronic cavitary pulmonary histoplasmosis in an elderly man
with severe underlying emphysema

Compression of a bronchus can result in intermittent obstruction and pneumonia. In some cases, the nodes will spontaneously drain into adjacent soft tissues of the neck. Patients
may be asymptomatic, have nonspeciﬁc systemic complaints
of fatigue and not feeling well, or have symptoms such as
dyspnea, cough, or odynophagia related to the effects of the
nodes on adjacent structures. Although it was initially
thought that mediastinal granuloma progressed to ﬁbrosing
mediastinitis, current thinking is that these are two separate
complications of pulmonary histoplasmosis [37, 45].
Radiographs show only enlarged lymph nodes, sometimes
with calciﬁcation noted. Computed tomography scans of the
chest are more helpful, showing nodal enlargement, the presence of necrosis, and impingement on mediastinal structures
[37, 38] (Fig. 9). Bronchoscopy or esophagoscopy can document extrinsic compression, traction diverticulae, or ﬁstulae.
Mediastinal granuloma as a complication of histoplasmosis
must be differentiated from lymphoma and other tumors that
cause mediastinal lymphadenopathy.
Fibrosing Mediastinitis. Fibrosing mediastinitis, an entity
distinct from and much less common than mediastinal granuloma, is characterized by excessive ﬁbrosis that progressively envelops the structures of the mediastinum [45–47].
The condition arises following infection with H. capsulatum,
occurs mostly in young adults, and is caused by an abnormal
ﬁbrotic response to H. capsulatum in these individuals. When
patients present with symptoms of ﬁbrosing mediastinitis,
there is rarely any sign of active histoplasmosis. The ﬁbrosis

can lead to obstruction of the superior vena cava or pulmonary
arteries or veins; there may be occlusion of the bronchi.
Rarely, the thoracic duct, recurrent laryngeal nerve, or right
atrium are involved. Hemoptysis, dyspnea, and cough are
common symptoms. Signs of superior vena cava syndrome
or right heart failure may be prominent. Most patients have
involvement of predominantly one side, but some have bilateral involvement, which is often fatal. Chest radiographs
show subcarinal or superior mediastinal widening. Computed
tomography scans and angiography are needed to reveal the
extent of invasion of mediastinal structures and great
vessels.
Broncholithiasis. Broncholithiasis occurs when calciﬁed
nodes or pulmonary granulomas erode into the bronchi.
Ulceration into the bronchus with hemoptysis and expectoration of “stones” can ensue. Postobstructive pneumonia occurs
if the node obstructs the bronchus. Computed tomography
scans show the calciﬁed node and its impingement on the
bronchus, and bronchoscopy will usually conﬁrm the diagnosis and rule out other endobronchial lesions [48].
Pericarditis. Pericarditis occurs in the setting of acute
pulmonary histoplasmosis, is seen mostly in young persons,
and is thought to be due to an inﬂammatory reaction to H.
capsulatum in adjacent mediastinal nodes [49, 50] (Fig. 10).
Pericardial ﬂuid is often hemorrhagic with a predominance
of lymphocytes, and H. capsulatum cannot be grown from
the ﬂuid. Pleural effusions are also common in this setting,
and the ﬂuid is exudative and frequently bloody. The majority of patients exhibit no hemodynamic consequences; however, tamponade can occur and requires immediate drainage.
Outcome is excellent; only rarely does acute pericarditis
progress to constriction requiring a surgical procedure for
relief of symptoms.
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Fig. 11 Skin lesions noted in patients with disseminated histoplasmosis.
(a) Multiple papulopustules which appeared on the face and chest in a
patient with HIV infection; (b) chronic ulcer on the thigh of an elderly
man with chronic progressive disseminated histoplasmosis

Fig. 10 Chest radiograph of a young girl with pericarditis complicating
acute histoplasmosis. This resolved within a few weeks and she had no
sequelae

Disseminated Histoplasmosis
Although dissemination is common during the course of most
infections with H. capsulatum, symptomatic dissemination
occurs primarily in immunosuppressed patients and infants
[7, 51–53]. In persons with HIV-1 infection and histoplasmosis, a CD4 count <150/PL is associated with increased risk of
disseminated histoplasmosis [29]. A rapidly fatal course with
diffuse involvement of multiple organs characterizes the
infection in most immunosuppressed patients [16, 18, 31, 53,
54]. Patients may present with dyspnea, renal failure, hepatic
failure, coagulopathy, hypotension, and obtundation. Chest
radiographs show diffuse interstitial or reticulonodular inﬁltrates, but may progress quickly to the ﬁndings associated
with ARDS. Hemophagocytic syndrome has been associated
with acute disseminated histoplasmosis [55, 56].
A chronic progressive course is typical of disseminated
histoplasmosis in nonimmunocompromised middle-aged to
older adults [51, 57]. This form of histoplasmosis is more
common in men than women. A history of recent exposure
often cannot be elicited, and overt defects in immune function have not been identiﬁed in these patients. However,
because such patients are unable to eradicate the organism
from their macrophages, it is presumed that they have a speciﬁc immune defect against H. capsulatum [51]. Fever, night
sweats, anorexia, weight loss, and fatigue are prominent.
Pulmonary symptoms may or may not be present, but usually
are not prominent.
In both acute and chronic disseminated histoplasmosis,
hepatosplenomegaly, lymphadenopathy, and skin and mucous

Fig. 12 Painful, slowly enlarging gingival ulcer that was present for
4 months in an elderly man who had chronic progressive histoplasmosis

membrane lesions are frequently noted. A variety of different
skin lesions, including papules, pustules, ulcers, and subcutaneous nodules, have been noted in patients with disseminated
histoplasmosis (Fig. 11a and b). Oropharyngeal ulcers or, less
commonly, nodules can be found on the tongue, buccal and
gingival mucosa, larynx, or lips in patients with either acute
or chronic dissemination (Fig. 12). Patients with disseminated
histoplasmosis can develop adrenal insufﬁciency as a result
of destruction of the adrenal glands by inﬁltration with
H. capsulatum. Addisonian crisis has been reported as the
presenting manifestation of disseminated histoplasmosis.
Laboratory abnormalities noted with disseminated disease
include an elevated erythrocyte sedimentation rate, pancytopenia, elevation of hepatic enzymes, especially alkaline phosphatase, and hyperbilirubinemia. Hypercalcemia has been
associated with disseminated histoplasmosis, as it has with
other granulomatous diseases, such as tuberculosis, coccidioidomycosis, and sarcoidosis. Patients with adrenal
insufﬁciency may have hyponatremia, hyperkalemia, and
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Fig. 13 Abdominal CT scan showing adrenal enlargement with central
necrosis in a patient with chronic progressive histoplasmosis complicated by Addison’s disease

hypoglycemia. Abdominal CT scans show adrenal enlargement and sometimes necrosis in those with adrenal involvement [58] (Fig. 13). Bone marrow, liver, and lymph node biopsy
specimens often reveal granulomas and budding yeast.
Disseminated histoplasmosis must always be considered as
a possible cause of fever of unknown origin in any person who
has ever lived in the endemic area. Lymphomas, sarcoidosis,
and mycobacterial infections must be differentiated from disseminated histoplasmosis. Whether the patient has histoplasmosis or sarcoidosis is a difﬁcult diagnostic conundrum. The
use of corticosteroids for presumed sarcoidosis without
excluding active histoplasmosis can be risky. Although patients
may initially appear to improve with corticosteroid treatment,
they subsequently experience progressive illness and can die
of overwhelming histoplasmosis [59].
Endocarditis is an uncommon manifestation of disseminated histoplasmosis. Both native and prosthetic valve endocarditis have been reported [60, 61], as well as an infected left
atrial myxoma [62]. The disease is manifested by major
embolic episodes and poor outcomes if the infected valve
cannot be replaced. H. capsulatum has also been described as
a cause of infection of an aortofemoral prosthetic graft [63].

Speciﬁc Organ System Involvement
Histoplasmosis of the central nervous system can be manifested as subacute or chronic meningitis or as an acute event
that is just one manifestation of disseminated infection [64,
65]. Basilar meningeal involvement is typical and can lead to
communicating hydrocephalus. Focal brain or spinal cord
lesions can occur in those with meningitis, and in other

Fig. 14 MRI scan of a woman with isolated central nervous system
histoplasmosis. The scan shows meningeal enhancement as well as several enhancing lesions in the midbrain

patients, they appear as isolated lesions without meningitis
[65, 66]. In patients with meningitis, the typical CSF abnormalities include lymphocytic pleocytosis, elevated protein,
and hypoglycorrachia; in those with focal lesions, the CSF
ﬁndings are either within normal limits or show slight pleocytosis and elevated protein concentrations. Computed tomography or MRI scans show single or multiple enhancing brain
lesions in those with focal infection and meningeal enhancement in those who have meningitis only (Fig. 14). Histoplasma
meningitis must be differentiated from other causes of chronic
lymphocytic meningitis, notably tuberculosis, coccidioidomycosis and, less commonly, blastomycosis, sporotrichosis, brucellosis, and sarcoidosis. Mass lesions must be differentiated
from other infectious processes as well as tumors [66].
Osteoarticular histoplasmosis is not common. Typically,
the manifestations are those of chronic tenosynovitis and,
less commonly, osteomyelitis and septic arthritis of a native
joint or, rarely, a prosthetic joint [67, 68]. Infection of
osteoarticular structures must be differentiated from the selflimited arthralgias and arthritis that are noted during the
course of acute histoplasmosis and that are presumed secondary to the immune response to H. capsulatum [35].
Isolated infection of the GI tract is an uncommon manifestation of histoplasmosis, but GI involvement as one manifestation of disseminated infection, especially among
immunosuppressed patients, is common [69, 70]. Diffuse
inﬁltration of the bowel wall is usually noted; abdominal pain
and diarrhea are prominent, and malabsorption can result.
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Genitourinary tract infection with H. capsulatum can be
manifested as epididymal, testicular, or prostatic nodules
[71–73]. Placental infection with spread to the fetus has been
described rarely [74]. Other sites at which H. capsulatum has
been reported to cause focal infection or in which involvement has been noted in association with widespread dissemination include kidneys, peritoneum, omentum, gallbladder,
common bile duct, panniculus, breast, thymus, sinuses, optic
nerve, eyes, and ears.

Presumed Ocular Histoplasmosis
Ocular histoplasmosis is a diagnosis based on ophthalmologic
ﬁndings of discrete yellow-white lesions in the retina, socalled “histo spots”; these lesions are sight threatening when
they occur in the macula [75]. However, there is little scientiﬁc
evidence linking this syndrome to histoplasmosis [5]. The
association is based primarily on residence in an area endemic
for histoplasmosis and positive histoplasmin skin tests and not
by demonstration of fungus in the eye. Similar ophthalmologic
ﬁndings have been noted in patients who have never lived in
the endemic area [76]. Rarely, H. capsulatum can be recovered from the eye in patients with disseminated histoplasmosis, but the clinical and ophthalmologic ﬁndings are not those
described with ocular histoplasmosis [77].

Histoplasmosis due to H. duboisii
Infection with H. duboisii differs from that due to H. capsulatum in that bones and skin are the two major organs affected [20,
21] (Figs. 15a and b). Osteolytic lesions are often found in association with subcutaneous nodules and abscesses; skin nodules
can ulcerate and drain. Lung involvement is more common than
previously thought, and lymphadenopathy is prominent in some
cases. The infection is frequently indolent and not life threatening, but in the exceptional patient, widespread visceral dissemination occurs, and the disease resembles progressive
disseminated histoplasmosis due to H. capsulatum; this is especially seen in patients who have HIV infection [20].

Diagnosis
Culture Methods
The deﬁnitive diagnostic test for histoplasmosis is growth of
H. capsulatum from tissue or body ﬂuids. For patients who
have disseminated infection, samples taken from blood, bone
marrow, liver, skin, or mucosal lesions often yield the organism.

Fig. 15 (a) Numerous molluscum-type skin lesions that appeared on
the face of an African child with disseminated infection due to
Histoplasma duboisii; (b) solitary skin lesion typical of those seen with
H. duboisii (Photos courtesy of Dr. Bertrand Dupont)

The lysis-centrifugation (Isolator tube) system is more sensitive than automated systems for growing H. capsulatum from
blood [78]. When sputum or bronchoalveolar lavage ﬂuid is
sent for culture, the laboratory should be informed that histoplasmosis is a possibility; use of a selective medium that uses
ammonium hydroxide decreases the growth of commensal
fungi and increases the yield of H. capsulatum [79].
H. capsulatum may take as long as 6 weeks to grow at
30°C in the mould phase in vitro. Identifying tuberculate
macroconidia allows a presumptive diagnosis of histoplasmosis, but a conﬁrmatory test should always be performed.
A chemiluminescent DNA probe speciﬁc for H. capsulatum
is used to rapidly conﬁrm the identiﬁcation of the organism
[80]. The laborious task of converting the mould phase to the
yeast phase in vitro is no longer required for deﬁnitive identiﬁcation of H. capsulatum. Cultures yield the organism in
most cases of disseminated infection, in chronic pulmonary
histoplasmosis, and in those cases of acute pulmonary histoplasmosis following a heavy-inoculum exposure. However,
in many patients who have acute pulmonary histoplasmosis,
and in most patients who have mediastinal granuloma or
meningitis, cultures rarely yield H. capsulatum.
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Antigen Detection

Serologic Tests

Detection of circulating H. capsulatum polysaccharide antigen in urine and serum has proved extremely useful in patients,
especially those with AIDS, who have disseminated infection
with a large burden of organisms [81, 82]. Originally developed as a radioimmunoassay, antigen detection is now performed by enzyme immunoassay with greater ease and
equivalent sensitivity and speciﬁcity [83]. The sensitivity for
antigen detection is higher in urine than in serum. Antigen can
be detected in the urine of approximately 90% and in the
serum of approximately 50% of AIDS patients with disseminated infection [82]. Antigen can be detected in urine or serum
within the ﬁrst few weeks of illness in approximately 65% of
patients who have acute pulmonary histoplasmosis, especially
in those who had been exposed to a high inoculum of organisms [84]. However, antigen is detected in only 10–20% of
patients with less severe and chronic forms of pulmonary histoplasmosis and in patients who have complications of pulmonary histoplasmosis. Antigen detection has also proved useful
in AIDS patients undergoing bronchoalveolar lavage for pneumonia due to histoplasmosis [85]. Antigen can be detected in
CSF from some patients with Histoplasma meningitis [65].
False-positive reactions have been noted in a majority of
samples of urine and serum taken from patients with blastomycosis, paracoccidioidomycosis, and penicilliosis [86], and have
been described less commonly in patients with coccidioidomycosis [87]. The major diagnostic dilemma in the United States
is obviously with blastomycosis. Samples from patients who
have either histoplasmosis or blastomycosis show reactivity
with antigen assays for both fungi [86, 88]. Antigen detection
can be used to follow a patient’s response to antifungal therapy.
Levels should fall to below the level of detection with successful therapy, and a rise in antigen level may signal relapse [82].

Although antigen detection has led to a less important role for
antibody assays, these tests still play a role in the diagnosis of
several forms of histoplasmosis [82]. The standard assays for
antibodies to H. capsulatum are the complement ﬁxation (CF)
test that uses two separate antigens – yeast and mycelial (or
histoplasmin) – and the immunodiffusion (ID) assay. A fourfold rise in CF antibody titer is considered indicative of active
histoplasmosis. It is also frequently stated that a CF titer equal
to 1:32 indicates active infection with H. capsulatum, but a
diagnosis should never be based solely on such a titer. CF
antibodies frequently persist for years after infection; thus,
the presence of a single low CF titer means little other than
that the patient was exposed to H. capsulatum at some time.
The ID assay tests for the presence of M and H precipitin
bands. An M band develops with acute infection, is often
present in chronic forms of histoplasmosis, and persists for
months to years after the infection has resolved [93]. An H
band is much less common, is rarely if ever found without an
M band, and is indicative of chronic and progressive forms
of histoplasmosis. The ID assay is more speciﬁc than the CF
assay. Enzyme immunoassay methods are poorly standardized and are generally not recommended.
Serologic tests are most useful for patients with chronic
pulmonary or disseminated histoplasmosis; in these forms of
histoplasmosis, the chronicity of the infection ensures that sufﬁcient time has elapsed for the patient to have developed antibodies. For acute pulmonary histoplasmosis, a rising antibody
titer to H. capsulatum is diagnostic. Serologic tests are less
deﬁnitive in patients who have mediastinal lymphadenopathy,
and the diagnosis should always be conﬁrmed by tissue biopsy.
False-positive CF tests occur in patients with lymphoma,
tuberculosis, sarcoidosis, and other fungal infections, all of
which may present as a mediastinal mass. Because 2–4 weeks
are required for appearance of antibodies, serologic assays are
less helpful in establishing a diagnosis in patients who have
severe acute infection, and they are rarely useful in immunosuppressed patients, who mount a poor antibody response.
A special use for antibody detection is in patients who have
Histoplasma meningitis. The presence of CF and/or ID antibodies against H. capsulatum in the CSF is adequate to make
a diagnosis in the appropriate clinical setting, and frequently
this is the only positive diagnostic test [65].

PCR Assays
Several polymerase chain reaction (PCR) assays that might help
with more rapid identiﬁcation of H. capsulatum have been
developed [89–92]. To date, there is no standardization, and
none are commercially available. A real-time PCR assay correctly identiﬁed H. capsulatum from among a variety of culture
extracts from different fungi grown in the laboratory [89]. This
assay was used to identify H. capsulatum in tissue biopsies and
bronchoalveolar lavage ﬂuid from three patients who had documented histoplasmosis. Semi-nested PCR assays were shown to
be very sensitive for detecting H. capsulatum in tissues from
infected mice [90], and other similar assays have been used in a
small number of samples of blood or tissues obtained from a
few patients who had documented histoplasmosis [91, 92]. It is
likely that PCR will assume an increasing role in the diagnosis
of histoplasmosis in the future.

Histopathologic Examination
For the patient who is acutely ill, tissue biopsy should be
done as soon as possible to look for H. capsulatum. Finding
the distinctive 2–4 Pm oval, budding yeasts allows a presumptive diagnosis of histoplasmosis. Routine hematoxylin
and eosin stains rarely show the tiny yeasts; biopsy material
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Fig. 16 Peripheral blood smear from an AIDS patient who was severely
ill with disseminated histoplasmosis. Multiple tiny yeasts typical of
Histoplasma capsulatum are seen within a monocyte

should be stained with methenamine silver or periodic acid–
Schiff stains. Yeasts are typically found within macrophages,
but also can be seen free in the tissues. In patients with
disseminated infection, bone marrow, liver, skin, and mucocutaneous lesions usually reveal organisms, and in those
with a large burden of organisms, routine peripheral blood
smears may show yeasts within neutrophils (Fig. 16).
For patients with mediastinal granuloma, biopsy of nodes
will often reveal caseous material, which may contain a few
yeast-like organisms typical of H. capsulatum. It is unusual
to ﬁnd H. capsulatum on cytologic examination of sputum or
bronchoalveolar lavage ﬂuid unless there is a large organism
burden.
In histopathology specimens, the yeast phase of H. duboisii
is distinctly different from that of H. capsulatum. Yeast
forms of H. duboisii are approximately fourfold larger than
H. capsulatum and may be seen as short chains in tissues.
The distinction between these two varieties of Histoplasma
is clinically relevant only for a small number of patients
who could have either infection because they live in areas of
tropical Africa in which both organisms are found.

Treatment
Most patients infected with H. capsulatum are asymptomatic
or have mild, self-limited disease and thus do not need treatment with an antifungal agent. However, patients who have
severe acute pulmonary, chronic pulmonary, or disseminated
histoplasmosis do require treatment with an antifungal agent.
Guidelines for the treatment of histoplasmosis have been
published recently by the Infectious Diseases Society of
America [94].

Acute pulmonary histoplasmosis. Most patients with acute
pulmonary histoplasmosis do not require antifungal therapy;
recovery usually occurs within a month. However, some
patients remain symptomatic for longer periods of time and
are likely to beneﬁt from antifungal therapy. Oral itraconazole, 200 mg once or twice daily, for 6–12 weeks is recommended in such cases [94].
Patients who have moderately severe to severe acute pulmonary histoplasmosis should be treated initially with a lipid
formulation of amphotericin B, 3–5 mg/kg daily, or with
amphotericin B deoxycholate, 0.7–1 mg/kg daily. After the
patient has shown improvement, usually in 1–2 weeks, therapy can be changed to oral itraconazole, 200 mg twice daily.
Methylprednisolone, 0.5–1 mg/kg daily for the ﬁrst 1–2 weeks
is recommended for patients who are severely ill and for
those with ARDS [94]. Antifungal treatment is usually given
until the inﬁltrates resolve. For normal hosts, therapy may be
as short as 12 weeks, but immunosuppressed hosts often
require a longer course of therapy.
Chronic pulmonary histoplasmosis. Treatment is indicated for all patients with chronic pulmonary histoplasmosis
[94]. Without therapy, inexorable progression to respiratory
insufﬁciency is the usual course [39, 41, 42]. Most patients
can be treated with itraconazole, 200 mg twice daily, and do
not require therapy with amphotericin B [95]. Treatment
should be given for at least 12 months, and some physicians
recommend 18–24 months of azole therapy to decrease the
risk of relapse. Fluconazole is less effective than itraconazole
and is considered second-line therapy [96].
Complications of pulmonary histoplasmosis. It is not clear
that antifungal agents alter the course of mediastinal granuloma. Most patients recover without treatment, but some
continue to have symptoms, which usually leads to the use of
antifungal agents. Reports of successful therapy with either
azoles or amphotericin B remain anecdotal. Itraconazole,
200 mg once or twice daily for 6–12 weeks, is suggested for
patients who are persistently symptomatic [94]. For some
patients, surgical removal of the mass of obstructing nodes is
necessary for symptomatic relief [37].
Antifungal therapy, corticosteroids, and anti-inﬂammatory agents are not useful for treating ﬁbrosing mediastinitis.
Surgery is considered to be risky and does not have a role in
management of this condition [47, 94]. For some patients,
placement of intravascular stents into obstructed pulmonary
arteries or veins or the superior vena cava has been helpful
[97]. Generally, stenting is performed in those patients who
are more severely compromised with bilateral pulmonary
vessel obstruction or superior vena cava syndrome [37, 97].
Unilateral occlusion of the pulmonary vessels is associated
with a better prognosis, and stenting is generally not
necessary.
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Pericarditis is treated with nonsteroidal anti-inﬂammatory
agents and, rarely, corticosteroids. Antifungal agents are not
recommended unless corticosteroids are used, in which case
itraconazole, 200 mg once or twice daily, is given for
6–12 weeks to prevent the possible occurrence of progressive infection with H. capsulatum [94]. In the exceptional
case associated with tamponade, pericardiocentesis and creation of a pericardial window are important therapeutic
measures.

C.A. Kauffman

immunosuppression cannot be reversed, life-long suppressive therapy with itraconazole may be prudent [94].
Histoplasma endocarditis should be treated with both surgical replacement of the valve and antifungal therapy [60,
61]. A lipid formulation of amphotericin B is the preferred
treatment. If for any reason, surgical extirpation of the valve
cannot be performed, lifelong suppression with itraconazole
should be maintained.

Central Nervous System Histoplasmosis
Disseminated Histoplasmosis
All patients with disseminated histoplasmosis should be
treated with an antifungal agent [94]. Patients with moderately severe to severe infection should be treated initially
with liposomal amphotericin B, 3 mg/kg daily. Another lipid
formulation at a dosage of 5 mg/kg daily or amphotericin B
deoxycholate, 0.7–1 mg/kg daily, are alternatives. A randomized, blinded, controlled clinical trial in AIDS patients with
moderately severe to severe disseminated histoplasmosis
showed that liposomal amphotericin B, when compared with
amphotericin B deoxycholate, resulted in faster resolution of
fever and improved survival rates [98]. After clinical
improvement is noted, which usually occurs within 2 weeks
in most patients, therapy can be changed to oral itraconazole,
200 mg twice daily, to complete a course of 12 months of
antifungal therapy [94]. Patients with mild-to-moderate disseminated histoplasmosis, including most patients who have
the chronic progressive form of disseminated histoplasmosis, can be treated with oral itraconazole, 200 mg twice daily
[94, 95, 99].
Fluconazole is less effective than itraconazole [96]; this
has been most clearly shown in AIDS patients, in whom
relapse rates while receiving ﬂuconazole were noted to be
unacceptably high [100]. Voriconazole and posaconazole
have been reported to be effective for several different forms
of histoplasmosis [18, 101–103]. However, there are no clinical trials to deﬁne the role of these newer agents in treating
histoplasmosis, and most of these reports describe salvage
therapy when other agents failed.
The length of therapy depends on the severity of the infection and the immune status of the host. The recommended
treatment course is 12 months [94]. However, some patients
with chronic progressive dissemination may respond slowly
to antifungal therapy and require 18–24 months of therapy.
For patients with AIDS, suppressive therapy with itraconazole, 200 mg daily, should continue beyond 12 months if
the CD4 cell count remains <150 cells/PL [104]. For patients
who are receiving effective antiretroviral therapy and whose
CD4 cell counts are >150 cells/PL for at least 6 months, antifungal therapy can be stopped [105]. For patients whose

Histoplasmosis involving the central nervous system is difﬁcult to treat. Initial treatment should be with liposomal
amphotericin B, 5 mg/kg daily for 4–6 weeks, and this is followed by oral azole therapy for at least 12 months. Itraconazole,
200 mg twice or three times daily, is the agent recommended
in the IDSA guidelines [94]. Itraconazole does not achieve
detectable CSF levels, but has been used successfully for
Histoplasma, as well as other types of fungal meningitis [106,
107]. Conversely, ﬂuconazole achieves higher CSF concentrations, but is less active against H. capsulatum than itraconazole. Fluconazole has been noted to be effective in a few
case reports of Histoplasma meningitis [107, 108]. Anecdotal
case reports show beneﬁt for both voriconazole and posaconazole [101–103]. Antifungal therapy should continue for a
total of at least 12 months and until all CSF abnormalities
have resolved. Enhancing mass lesions in the brain or spinal
cord appear to respond to antifungal agents and do not require
excision in most patients. Magnetic resonance imaging scans
should be followed to assure resolution.

Treatment of Infections Due to H. duboisii
Controlled trials have not been performed to determine the
most efﬁcacious treatment for H. duboisii. Anecdotal experience shows amphotericin B, ketoconazole, and itraconazole
to be effective [21, 109]. There is no reason to doubt that the
response to antifungal agents would be similar to that with
H. capsulatum. However, osteoarticular involvement, which
is common in this form of histoplasmosis, is slow to respond
and requires long-term azole therapy.

Prevention
Persons who could be at risk for exposure to H. capsulatum
through their occupation or leisure activities should be counseled to take appropriate precautions to prevent exposure [110].

Histoplasmosis

Workers should wear a respirator when dismantling bird and
bat roosts or chicken coops, refurbishing old structures that are
found to have provided roosts for bats or birds, and moving
large quantities of soil in areas known to be highly endemic for
H. capsulatum. Soil or debris can be treated with formalin to
inactivate the conidia prior to construction work, but this is
rarely accomplished. Immunocompromised patients should be
counseled to not undertake activities, such as spelunking or
renovation projects, that might put them at risk for exposure to
H. capsulatum.
Prophylactic use of antifungal agents has been studied
only in persons with AIDS. In patients with CD4 counts
<150 cells/PL, a placebo-controlled trial showed that prophylaxis with itraconazole, 200 mg daily, was effective at
preventing histoplasmosis [111]. Prophylaxis should be considered only in highly endemic areas in which the rate of
infection is at least ten cases/100 AIDS patient-years. There
are no recommendations for the use of prophylaxis for other
populations of immunosuppressed patients, such as those
undergoing transplantation and those treated with TNF
antagonists.
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Blastomycosis
Robert W. Bradsher and J. Ryan Bariola

Blastomycosis is caused by the dimorphic fungus Blastomyces
dermatitidis. The organism exists in nature in the mould or
mycelial phase and converts to the parasitic or yeast phase at
body temperature. Epidemics of blastomycosis after a pointsource exposure have been described, but most cases occur
sporadically in the endemic areas. B. dermatitidis can cause
an infection with a subclinical illness and subsequent protection against infection afforded by cellular immune mechanisms. Patients infected with B. dermatitidis can present with
pneumonia or with extrapulmonary disease, or both. Lung
involvement often mimics acute bacterial pneumonia, lung
cancer, or tuberculosis. Skin lesions, presenting as either verrucous or ulcerative lesions, are the most common extrapulmonary manifestation, followed by bone, prostate, and
central nervous system (CNS) disease. Diagnosis is usually
conﬁrmed by visualization of the yeast in smears or in tissue
specimens, or by culture. Itraconazole has been shown to be
the drug of choice for both pulmonary and extrapulmonary
infection, except in cases of life-threatening infection, in
which case, amphotericin B is recommended.

Organism
Gilchrist ﬁrst described blastomycosis in Baltimore in the
1890s as a skin infection caused by what he thought was a
protozoan organism [1], and the illness was known for a time
as Gilchrist’s disease. There were some errors in the initial
description. Infection of the skin occurs secondarily rather
than as a primary infection, and the organism is not a protozoan but a fungus. Gilchrist was the ﬁrst to refute portions of
his own description when he isolated and named the fungus
Blastomyces dermatitidis [2]. Because skin manifestations
of blastomycosis are often very striking, the initial cases
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were perceived to be a dermatologic condition. The concept
of primary pulmonary blastomycosis was not recognized
until pathologic descriptions allowed the pathophysiologic
mechanisms to be delineated [3, 4]. There are rare cases of
cutaneous inoculation of the fungus in laboratory workers
and veterinarians, but almost all cases of blastomycosis are
considered to originate from a pulmonary portal of entry [3].
B. dermatitidis is dimorphic, in that it exists as a mycelial
form or mould in nature and as a yeast form in tissue. The
mould is the infectious form, producing conidia that can be
dispersed and subsequently inhaled. The perfect or sexual
stage of the fungus is named Ajellomyces dermatitidis, with
the imperfect or conidial stage named the familiar B. dermatitidis. In culture, B. dermatitidis grows at 25–28°C as a
mould and at 37°C as a yeast. The physiologic mechanism
for the dimorphism has been shown to be from hybrid histidine kinase sensing of host signals stimulating the conversion from mycelia to yeast [5].
This imperfect stage grows as a ﬂuffy white mould on
Sabouraud’s agar at room temperature and as a brown, wrinkled, folded yeast at 37°C. In the yeast phase, the organism
appears as a round, budding, thick-walled yeast cell with a
daughter cell forming a single bud that has a broad base
(Figs. 1 and 2). The yeast varies in size from 5 to 15 Pm.
Most are round and have a double cell wall appearance,
which consists of the interior and exterior components of the
thick cell surface. The yeast may be found inside or outside
of macrophages in the pyogranulomatous tissue response.

Epidemiology
The endemic areas in North America for B. dermatitidis
include the states bordering the Mississippi and Ohio Rivers,
the Midwestern and Canadian provinces that border the
Great Lakes, and a small area in New York and Canada along
the St. Lawrence River [3]. The vast majority of patients with
blastomycosis who were reported prior to the mid-1980s
were from a fairly well deﬁned geographic area of the South
Central United States, comprising predominantly Mississippi,
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Fig. 1 Sputum sample showing the refractile thick walls and broadbased budding typical of Blastomyces dermatitidis (potassium hydroxide
preparation, 40×)

Fig. 2 Tissue obtained at lung biopsy showing broad-based budding
yeast. Culture yielded Blastomyces dermatitidis (periodic acid – Schiff
stain, 40×)

Arkansas, Kentucky, and Tennessee [6]. In the last 2 decades,
there have been more cases reported from Illinois, Wisconsin,
Ontario, and Manitoba [7–10]. There have been reports of
cases of blastomycosis from Colorado, Hawaii, Israel, several areas of Africa, and South America. For the most part,
the incidence of blastomycosis depends on the reporting of
clinically diagnosed cases of infection because there are no
simple and reliable markers of previous mild infection.
Mandatory public health reporting of blastomycosis is
required in only a few states or provinces, namely Illinois,
Wisconsin, Mississippi, Manitoba, and Ontario, and thus
cases are likely underreported.
The majority of reported cases of blastomycosis are sporadic and not related to outbreaks. Many patients with blastomycosis have a history of recreational or occupational
exposure to wooded areas and often to bodies of water such
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as lakes or rivers. The stereotypical patient is a young to
middle-aged man who either works in or visits outdoor areas
in the endemic area. In sporadic cases, the male-to-female
ratio has been reported to range from 4:1 to 15:1 in various
series [11]. Some of these studies, however, were conducted
in Veterans Affairs Medical Centers, which obviously adds
bias to the ratio. However, in an outbreak, women and children
are as likely as men to be infected. Aside from outbreaks, only
rarely are children diagnosed with blastomycosis [12, 13].
Dogs in the same environment as humans also can become
infected with B. dermatitidis. A clinical clue to the diagnosis
of blastomycosis is a history of a pet dog having been found
to have blastomycosis [14]. Blastomycosis is not transmitted
from dogs to humans, but rather, both are infected as a result
of similar exposure in the environment. However, there are
very rare reports of a dog with oral lesions transmitting infection via a bite [15].
Outbreaks of blastomycosis have been well described
[16–19]. Most have been associated with waterways [17–19].
It has yet to be determined whether water is the primary factor or simply an explanation for greater exposure potential
because of recreational activities in areas with wildlife or
water [20]. Investigation of these outbreaks has increased
our knowledge of the spectrum of disease manifestations of
infection with B. dermatitidis and allowed the recognition of
subclinical infection due to this organism. The majority of
cases associated with point-source outbreaks at Big Fork,
Minnesota, and Eagle River, Wisconsin, recovered without
antifungal therapy [16, 19]. In the Eagle River outbreak, only
nine of the 44 patients with infection were treated with an
antifungal agent, and none of the 35 untreated patients had
relapse or progressive infection [16]. In the latter outbreak,
further study revealed that not all of those who had immune
markers of infection, such as positive serology or speciﬁc
antigen-induced lymphocyte transformation, had signs and
symptoms characteristic of blastomycosis [16].
In a study of speciﬁc immunity to Blastomyces antigens
using cells from treated blastomycosis patients, two control
persons who had no history of blastomycosis had evidence
of immunity [21, 22]. Cells from these two control subjects
displayed lymphocyte responses to a Blastomyces antigen
and macrophage inhibition of intracellular growth of the fungus similar to those seen in patients who had culture-proven
blastomycosis. Both of these control persons had potential
exposure as long-term avid hunters in an endemic region for
blastomycosis [22]. This observation prompted studies of
other persons who had comparable environmental exposures
to patients with clinical blastomycosis, speciﬁcally, forestry
workers in areas endemic for blastomycosis, but not histoplasmosis, in northern Minnesota and Wisconsin [23]. Thirty
percent of the workers had in vitro markers of immunity as
evidence of subclinical infection with no question of crossreactions due to prior infection with Histoplasma capsulatum.

Blastomycosis

Thus, it appears that blastomycosis has comparable patterns
of subclinical infection with development of cellular immunity as the more extensively studied endemic mycoses, histoplasmosis and coccidioidomycosis.
It is thought that the ecologic niche for B. dermatitidis is
the soil. However, the organism has been very difﬁcult to
isolate from soil. B. dermatitidis was recovered from soil and
rotted wood in Georgia on three occasions [24]. The organism has been isolated from bird droppings on one occasion
and from a dirt ﬂoor in Canada on another [25, 26]. The
organism was recovered without animal inoculation from a
woodpile from a hyperendemic region in Wisconsin in which
several dogs in a nearby kennel had been found to have blastomycosis [27]. B. dermatitidis was isolated from soil in
association with outbreaks in two separate reports [16, 17].
The isolations were from wet earth that was taken from near
bodies of water and that contained animal droppings, showing that the fungus exists in microfoci in soil. However, many
other investigators have been unsuccessful in recovering the
organism from soil, including areas linked by epidemiologic
information to a point-source exposure.
It has become clear that certain areas are hyperendemic
for B. dermatitidis with unusually high rates of blastomycosis. In one report from Wisconsin, as many as 41.9 cases per
100,000 persons were reported with blastomycosis [28].
Factors that promote this hyperendemicity are being elucidated [29]. During a recent investigation of an outbreak in
dogs, a polymerase chain reaction (PCR)–based technique
successfully identiﬁed B. dermatitidis from environmental
samples [30]. Additionally, molecular techniques are being
used to look at genetic differences detected by PCR of components of the organisms recovered from patients and from
the environment [31].

Pathogenesis
Infection with B. dermatitidis begins with inhalation of
conidia into the alveoli, followed by clearing of the organism
by bronchopulmonary phagocytes. Alveolar macrophages
have been shown to kill conidia [32], which may explain
why some persons are not infected even though they have the
same exposure as an infected individual in an epidemic. As
the fungus undergoes transition to the yeast phase, growth
occurs in the lung, and the organisms can also spread
hematogenously to other organs, especially the skin. With
the development of immunity, inﬂammatory reactions occur,
initially as a suppurative response with polymorphonuclear
phagocytes and then with subsequent inﬂux of monocytederived macrophages. This pyogranulomatous response is
typical for blastomycosis, although necrosis or ﬁbrosis can
also be found. Typically, the granulomas of blastomycosis do
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not develop caseation necrosis, as found in tuberculosis. The
host response leads to resolution of the initial infection.
However, it is likely that foci of viable organisms remain,
which can later reactivate and cause disease at either pulmonary or extrapulmonary sites [33]. Endogenous reactivation
is the logical reason for patients with AIDS developing blastomycosis after leaving their initial residence in the endemic
area many years before [34].

Clinical Manifestations
Blastomycosis is not a common diagnosis in most clinical
practices, which often leads to a delay in diagnosis. The clinical presentations are protean and are similar to other more
common conditions. Weight loss, fever, malaise, fatigue, and
other nonspeciﬁc complaints are common but not helpful
diagnostically. The stereotypical patient is a young to middleaged man who either works in or visits outdoor areas in the
endemic area, but in an outbreak, women and children are as
likely as men to be infected. In an observational review of
referrals of 135 patients over a 13-year period in Arkansas, 78
were male and 57 female [35]. Extrapulmonary manifestations were found in 47%, and 53% had only lung involvement. Women accounted for only 30% of the extrapulmonary
cases, but 47% of the pneumonia cases were in women [35].

Pulmonary
The presentation of blastomycosis for most patients is pneumonia; radiography reveals an alveolar or mass-like inﬁltrate
(Fig. 3). This was noted in 16 of 17 patients in one report [36].
In another series of 46 patients, 26 of whom had had only
pulmonary disease, 8 had acute pneumonia and 16 had a
chronic pneumonia picture; 32% of the radiographs revealed
a mass-like lesion and 48% an alveolar inﬁltrate [21].
Acute pneumonia due to blastomycosis often presents the
same as acute bacterial pneumonia, with fever, chills, and a
productive cough with purulent sputum, with or without
hemoptysis. Patients who have chronic pneumonia due to
blastomycosis usually have weight loss, night sweats, fever,
cough with sputum production, and chest pain. They are initially thought to have tuberculosis or lung cancer (Fig. 4).
Although cavitary disease may occur, this pattern is not found
as commonly as it is in chronic pulmonary histoplasmosis or
tuberculosis. Miliary or reticulonodular types inﬁltrates can
also be seen in patients with symptoms of pneumonia.
Patients may have no pulmonary symptoms, and the diagnosis is made following the discovery of pulmonary abnormalities on a chest radiograph obtained for another reason.
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Fig. 3 Left upper and left lower lobe inﬁltrates in a 36-year-old woman
with pulmonary blastomycosis (Courtesy of Dr. William Muth)
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Fig. 5 Acute respiratory distress syndrome (ARDS) due to blastomycosis in a 60-year-old man who was previously healthy

huge burden of organisms or whether the host inﬂammatory
response is responsible for the development of ARDS. One
patient with this syndrome had a tracheal ulcer at the carina
found on bronchoscopy, prompting speculation that a subcarinal lymph node ruptured into the trachea and spilled
enough organisms into the lungs to precipitate this syndrome
[37]. Early therapy may improve survival rates, and reports
of the use of corticosteroids in patients who develop this
complication need further study [40].

Cutaneous

Fig. 4 Chronic destructive pneumonia due to Blastomyces dermatitidis

In a series of 46 patients, 26 of whom had had only pulmonary blastomycosis, two patients were found who were
asymptomatic [21].
Uncommonly, patients with pulmonary blastomycosis
develop the acute respiratory distress syndrome (ARDS)
[37–40] (Fig. 5). These patients have diffuse pulmonary
inﬁltrates and hypoxemia, and require ventilatory support.
The mortality rate remains high, and often death ensues
within a few days of the development of ARDS. For most
patients it is unclear whether they have been infected with a

Skin lesions are the most common manifestation of extrapulmonary blastomycosis [3, 4]; these lesions may be present with or without concomitant pulmonary lesions.
Cutaneous lesions are either verrucous or ulcerative [11, 41].
The verrucous, or fungating, form has an irregular raised
border, often with crusting and exudate above an abscess in
the subcutaneous tissue (Figs. 6–8). Histologically, papillomatosis, downward proliferation of the epidermis with intraepidermal abscesses, and inﬂammatory cells in the dermis
are features of the lesions [3, 41]. The cutaneous ulcerative
form occurs when a subcutaneous abscess spontaneously
drains; these demonstrate the same histologic changes as the
verrucous form. The borders of the ulcer are usually raised
and distinct (Fig. 9), and the base of the ulcer usually contains exudate. Polymorphonuclear leukocytes are typically
present on the biopsy, even in those patients with little
inﬂammation clinically apparent in the ulcer (Fig. 10).
Subcutaneous lesions lacking either ulceration or the verrucous appearance also can be found (Fig. 11). These lesions
are typically tender and may be confused with panniculitis
or Weber-Christian disease [42]. The cutaneous lesions of
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Fig. 6 Verrucous lesion with subcutaneous abscesses on the buttock
caused by Blastomyces dermatitidis

Fig. 7 Multiple verrrucous lesions on the forearm of a 20-year-old man
with blastomycosis (Courtesy of Dr. Hector Bonilla)
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Fig. 9 Ulcerative lesion on the breast caused by Blastomyces dermatitidis. Note the distinct and raised borders

Fig. 10 Extensive perirectal ulcerative lesion with overlying exudate in
a patient who had disseminated blastomycosis

Fig. 8 Non-painful, heaped-up lesion due to Blastomyces dermatitidis
behind the ear of a 35-year-old man

blastomycosis can be confused with a number of alternative
diagnoses, including basal cell carcinoma, squamous cell
carcinoma, pyoderma gangrenosum, or keratoacanthoma.
One patient was reported with what appeared to be condyloma acuminatum surrounding the anus [43]. Only after

Fig. 11 Subcutaneous nodules with superﬁcial crusts due to blastomycosis on the thigh of a young man

postoperative suppurative drainage occurred was the histology
re-reviewed, and B. dermatitidis found. Another similar case
has been more recently reported [44].

342

Osteoarticular
Osteoarticular infection due to B. dermatitidis infection is
reported in as many as one-fourth of extrapulmonary cases
and may be the reason the patient seeks medical attention
[45]. The symptoms of involvement of long bones are pain
and swelling, with erythema, tenderness, and warmth noted
on examination. Vertebral involvement manifests primarily
as pain, but with epidural extension, neurologic signs can be
seen. Granulomas, suppuration, or necrosis can be found in
the bone biopsy. The vertebrae, pelvis, sacrum, skull, ribs,
and long bones are the most frequently reported sites of
infection, but essentially any bone may be involved [4]. The
radiographic appearance of blastomycosis is not speciﬁc and
cannot be discriminated from that of other fungal, bacterial,
or neoplastic diseases. Debridement may be required for
cure, but most blastomycosis bone lesions resolve with antimicrobial therapy alone.

Genitourinary
The genitourinary (GU) system follows lung, skin, and bone
in frequency of involvement. Prostatitis and epididymoorchitis have been the more commonly reported forms of
genitourinary involvement [3, 4, 46]. Patients present with
symptoms of prostatism or with a ﬁrm, nontender scrotal
mass. In some patients, GU involvement is found incidentally
on digital rectal examination. In most circumstances it is
thought that the patient has cancer. Patients can have isolated
GU disease or, as occurs more frequently, they have GU tract
lesions concomitant with pulmonary disease. Chest radiographs should be performed in every case of GU tract blastomycosis, even in the patient without pulmonary complaints.
GU infection can be detected when urine collected after
prostatic massage yields the organism [46]. Endometrial
infection acquired by sexual contact with a man who has blastomycosis on the penis and tubo-ovarian abscess following
hematogenous disseminaton are examples of female genital
tract infection, an uncommon manifestation of blastomycosis
[47, 48]. Massive endometrial infection that caused uterine
hemorrhage has been described in one patient [49].

Central Nervous System
Blastomycosis is reported to involve the CNS in 5–10% of
cases of disseminated disease. Meningitis and/or cerebral or
cerebellar abscesses are the most common manifestations of
CNS blastomycosis [50–54]. Either can occur as isolated
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manifestations of blastomycosis, but more frequently CNS
symptoms and signs occur in patients who have manifestations of widespread disease. MRI imaging is helpful in the
diagnosis of mass lesions. For patients with meningitis, cerebrospinal ﬂuid (CSF) analysis reveals high protein, slightly
low glucose, and the presence of increased numbers of lymphocytes, but the organism is rarely grown from the ﬂuid
obtained by lumbar puncture. In one series of 22 patients
with chronic meningitis, CSF from lumbar puncture provided the diagnosis in only two patients, whereas ventricular
CSF was positive when cultured in six of seven cases [51].
A recent series noted that CSF obtained at lumbar puncture
yielded the organism in a larger proportion of cases [54].

Other Organ Involvement
Lesions of blastomycosis can occur in virtually any organ.
Abscesses are most common in the subcutaneous tissue, but
they can be found in the brain, skeletal system, prostate, or
any other organ, including the myocardium, pericardium,
spleen, liver, lymph nodes, orbit, sinuses, pituitary, adrenal
gland, and other organs [3, 4, 43, 55]. Blastomycosis can
involve the mouth, oropharynx, and especially the larynx,
where it mimics sqauamous cell carcinoma [56]. Laryngeal
biopsy reveals histologic features similar to those seen in the
skin and may initially be mistaken for carcinoma. In some
cases, ﬁxation of the vocal cords secondary to ﬁbrosis has
led to radiation therapy or total laryngectomy because of an
incorrect diagnosis of cancer.
Ocular involvement may assume several forms. A patient
with a mass on the iris prompted a review of the literature by
Lopez and colleagues. A total of 11 cases of ocular blastomycosis, including cases with iritis, uveitis, endophthalmitis,
and choroidal lesions, were found [57]. More cases of choroidal involvement have been reported [58, 59]. Eyelid involvement has been reported to occur in as many as 25% of patients
with disseminated blastomycosis [60, 61], but this frequency
appears to be higher than that noted in most experts’ experiences. Ocular disease, endophthalmitis in particular, is very
common in canine blastomycosis, but this type of involvement is rare in humans [62]. The reason for this discrepancy
is not understood but may be due to later diagnosis in dogs,
allowing more dissemination of the infection.
Two cases of otitis media with cranial extension due to B.
dermatitidis have been reported [63]. One patient was
described with infection in a presumed branchial cleft cyst
[43]. Surgical removal demonstrated lymphadenopathy and
suppurative and granulomatous inﬂammation with B. dermatitidis organisms. Peripheral lymphadenopathy is found in
systemic blastomycosis; amyloid deposition in the node has
rarely been reported [43].
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Cases of blastomycosis involving the breast have been
reported [64–66]. An abnormal mammogram may be the
ﬁrst sign, and the diagnosis is almost always thought to be
carcinoma. In one patient, a CT scan which revealed partial
destruction of a vertebral body consistent with metastatic
disease almost led to treatment with cancer chemotherapy
until a breast biopsy revealed B. dermatitidis on microscopy
and subsequent culture [64].
Endocrine abnormalities have been reported in patients
with blastomycosis [4]. Adrenal insufﬁciency from destruction of both adrenal glands is the most common. Thyroid
involvement has been recently reported [67, 68]. Rarely,
hypercalcemia, as seen with other granulomatous diseases,
has been reported with blastomycosis. A single case of diabetes insipidus and another of hyperprolactinemia with
galactorrhea and amenorrhea have been reported [69, 70].

Immunocompromised Patients
Blastomycosis causes infection in immunocompromised
patients, including patients with AIDS, recipients of solid
organ transplants, patients treated with tumor necrosis factor
antagonists, and patients on corticosteroid therapy [71–77].
However, blastomycosis is seen much less commonly than
infection with Histoplasma capsulatum or Cryptococcus
neoformans in these groups. Immunosuppressed patients can
develop infection following exposure in the environment or
from reactivation of a latent focus of infection.
Pappas et al. reviewed the cases of immunosuppressed
patients with blastomycosis who were seen in several tertiary
care medical centers from 1956 to 1991. They found an
increased proportion of cases from 1978 to 1991, as compared with 1956–1977 [76]. Although this could have been
from a bias in referral patterns of patients, they speculated
that this more likely reﬂected the continually enlarging population of patients who have complicated immune compromising illnesses and who have lived in the endemic area for
this fungus. Tumor necrosis factor antagonist therapy is
increasingly associated with disseminated infection with
fungi and mycobacteria. A total of seven cases of blastomycosis had been reported to the FDA registry by the summer
of 2008 [77].
Although not common in the immunosuppressed population, when blastomycosis is seen in a patient who is immunosuppresssed, it is usually widely disseminated and particularly
severe. ARDS has developed in a number of cases, and CNS
involvement is common [71, 74, 76]. The mortality rate in
patients with AIDS who developed blastomycosis was 40%
and most died within a few weeks [71]. With the use of current antiretroviral therapy, the occurrence of severe manifestations is less frequent, and the mortality rates are lower.

Other Patient Groups
Blastomycosis has been reported to occur with other infections
or other illnesses, including tuberculosis, histoplasmosis,
and coccidioidomycosis [78]. Blastomycosis has been
reported in two patients, one of whom presented with idiopathic thrombocytopenic purpura and the other with
hemolytic anemia [35]. Both patients were treated with corticosteroids for the hematologic conditions, and blastomycosis was treated with antifungal agents. Steroids were rapidly
tapered, and the hematologic conditions did not recur after
the blastomycosis was cured. Another patient with both sarcoidosis and blastomycosis was treated with both corticosteroids and itraconazole with cure of the fungal infection
[43]. As long as effective antifungal chemotherapy is being
given, steroid therapy may not have the deleterious result
that has been described in untreated blastomycosis.
Several cases of blastomycosis have been reported during
pregnancy [79–85]. In several well-documented cases, blastomycosis has been transmitted to the fetus via intrauterine
transfer of the organisms [79, 82, 85].

Diagnosis
Culture
Growth of B. dermatitidis in culture is the deﬁnitive test to
prove a diagnosis of blastomycosis. The organism is not particularly difﬁcult to culture, but it may take 2–4 weeks for the
organism to grow as a mould at 25–28°C. The appearance of
the mould phase is not distinctive, and a conﬁrmatory test
must be performed. An exoantigen assay was developed to
discriminate early cultures of H. capsulatum and B. dermatitidis [86], but currently, most laboratories use a rapid DNA
probe test that is speciﬁc for B. dermatitidis [87]. With these
rapid speciﬁc tests, it is no longer necessary to convert the
mould phase to the yeast phase to conﬁrm the organism as
B. dermatitidis.

Histopathology
If suspected, a diagnosis of blastomycosis can be established
quickly by seeing the characteristic yeasts in tissue, exudates,
or body ﬂuids. Exudates or sputum can be treated with potassium hydroxide or calcoﬂuor white, which is more sensitive
because the ﬂuorescent dye allows easy visualization of the
8–15 Pm thick-walled, broad-based, budding yeast cells
[34]. Cytological preparations stained with Papanicolau stain
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also can be used for a dependable diagnosis [88]. Tissues
stained with hematoxylin and eosin do not allow visualization of the yeasts in most circumstances; staining with periodic acid–Schiff or methenamine silver stains are preferred
for visualization of the yeasts in tissues.

Serology
Serodiagnostic tests for blastomycosis started with complement ﬁxation (CF) with yeast-phase antigens (blastomycin)
to detect antibodies to B. dermatitidis and then proceeded to
the use of an immunodiffusion (ID) assay and an enzyme
immunoassay (EIA) [89–93]. The CF test had a low sensitivity
(57%) and speciﬁcity (30%). In a large outbreak, only 9% of
patients were found to have CF antibodies to blastomycin [90].
In another series, patients were as likely to have CF antibodies to H. capsulatum antigens as they were to B. dermatitidis
antigens [3]. Given the overlapping endemic regions of these
two fungi, this was obviously problematic.
Better results were obtained with the ID assay and with
the EIA using a more speciﬁc antigen for B. dermatitidis, the
A antigen. The ID assay resulted in reported sensitivity rates
of 65–80% with 100% speciﬁcity. However, when applied to
sera obtained from the previously mentioned outbreak in
Wisconsin, antibodies were detected in only 28% of documented cases with the ID assay. The EIA using the A antigen
proved more sensitive, detecting antibody in 77% of cases
[91]. While better than CF antibody tests, ID and EIA tests
were still plagued with cross-reactivity problems with other
endemic mycoses, especially histoplasmosis, and the low
sensitivity led to an unacceptable number of false-negative
results, hindering its use as a diagnostic test, especially given
the low prevalence in most areas.
Klein et al. described a 120 kD surface protein termed
WI-1 and later renamed BAD-1 [92]. This protein was purer
than A antigen and lacked the carbohydrate moieties that
caused the majority of cross-reactions with H. capsulatum
[92]. A radioimmunoassay (RIA) using this protein showed
promise, identifying antibodies in 85% of patients with
known blastomycosis. Only 3% of patients with other mycoses, and no healthy volunteers, tested positive using this
assay [93]. This RIA, however, has not been adapted for
clinical use.

Antigen Detection
There is now a commercially available assay for the detection of B. dermatitidis antigen in humans [94]. It has mostly
been used in urine specimens and has a reported overall
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sensitivity in the urine of 92.9% and a reported speciﬁcity of
79.3%. Antigen was detected at levels considered positive in
patients with both disseminated blastomycosis and isolated
pulmonary blastomycosis. Cross-reactions were seen in subjects with other fungal infections, especially histoplasmosis,
paracoccidioidomycosis, and penicilliosis. The cross-reactivity
between B. dermatitidis and H. capsulatum is felt to be due
to a shared polysaccharide [95]. The clinical pictures for
these two infections can sometimes be similar, especially
with isolated pulmonary disease, and the endemic areas for
these fungi overlap. On the other hand, patients with either
disseminated or pulmonary blastomycosis have had negative
assays for B. dermatitidis antigen at the time of initial diagnosis. Thus, in the right clinical setting, a negative antigen
should not be used to eliminate blastomycosis from the differential diagnosis.
The antigen assay has been shown to revert to a level considered negative in patients successfully treated for blastomycosis [96–98]. The time to resolution, however, remains
undetermined, and there have been no large studies to evaluate the usefulness of repeated antigen testing during therapy
to monitor for response. Antigen detection might prove helpful in less common presentations of blastomycosis, but this
has not been studied. In clinical practice, the Blastomyces
antigen assay can be a helpful tool, but should not supplant
clinical evaluation and judgment.

Treatment
Spontaneous resolution of chronic blastomycosis is very
uncommon, and untreated blastomycosis is associated with
mortality rates approaching 60% [3, 4]. Thus, all patients
with chronic pulmonary and extrapulmonary blastomycosis
should receive antifungal therapy.
Controversy once existed concerning the need for antifungal therapy in all recognized cases of acute pulmonary
blastomycosis. Experts agree that some of the cases of acute
blastomycosis are self-limited [99, 100], but most advocate
speciﬁc antifungal therapy for all cases of pulmonary blastomycosis, whether acute or chronic. Careful follow-up for
several years is mandatory in patients with acute pneumonia
who do not receive antifungal therapy to ensure that there is
no recrudescence of infection.
The treatment of blastomycosis has evolved with the
development of the azoles, ketoconazole, itraconazole and
ﬂuconazole. However, no randomized, blinded studies comparing different regimens have been performed, and there are
only a few comparative trials for therapy of blastomycosis.
Thus, the recently published treatment recommendations for
blastomycosis are based on relatively small, open-label, controlled trials, case series, and anecdotal experience [101].
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Ketoconazole was the ﬁrst oral azole to be studied for the
treatment of non-life-threatening, non-CNS blastomycosis.
A single daily dose of 400 mg of ketoconazole for at least
6 months was recommended for patients with uncomplicated
blastomycosis. Of note, there were multiple reports of CNS
relapses following “successful” therapy of pulmonary blastomycosis with an appropriate course of ketoconazole [21, 102,
103], underscoring the poor penetration of this agent into the
CNS and the need for careful monitoring during therapy and
long-term follow-up after completion of therapy.
Itraconazole, an oral triazole with broad-spectrum antifungal activity, is now considered to be the drug of choice for
patients with non-life-threatening, non-CNS blastomycosis.
In a prospective, open-label, noncomparative multicenter
study, 43 of 48 (90%) patients with mild-to-moderate disease
were cured with itraconazole at doses ranging from 200 to
400 mg daily [104]. Of 40 patients who received at least 2
months of therapy, 39 (95%) were cured. Most patients
responded to the lower dosage of itraconazole (200 mg), and
the drug was better tolerated than ketoconazole based upon
historic comparison. Another report suggested similar success among an additional 42 patients who received itraconazole at a daily dosage of 200 mg [105]. Based on these
studies, the current recommendation for patients with nonlife-threatening, non-CNS blastomycosis is to treat with itraconazole at an initial dosage of 200 mg daily for 6–12
months. For patients not responding to therapy, the dose
should be increased to 200 mg twice daily [101]. Because
absorption of the itraconazole capsule formulation is not
reliable, measurement of drug levels is recommended,
particularly if the infection does not respond quickly [101].
A minimum of 12 months of therapy is recommended for
osteoarticular infection.
Fluconazole, another oral and parenteral triazole with
broad-spectrum activity and superior pharmacokinetics compared with either itraconazole or ketoconazole, has also been
studied for the treatment of non-life-threatening, non-CNS
blastomycosis. To date, two multicenter trials have been conducted using ﬂuconazole [106, 107]. In the pilot study comparing 200 and 400 mg of ﬂuconazole daily, success was
seen in only 65% of 23 patients who received therapy for at
least 6 months [106]. The follow-up study using 400 and 800
mg daily showed improved efﬁcacy with 34 (87%) of 39
patients successfully treated [107]. Average duration of therapy in this study was almost 9 months, and patients tolerated
this therapy with few signiﬁcant adverse events. The results
of these studies suggest that ﬂuconazole is comparable in
efﬁcacy to ketoconazole at similar doses, but it does not
appear to be as efﬁcacious as itraconazole. Therefore the role
of ﬂuconazole in the treatment of blastomycosis is limited
and should be reserved for patients who are unable to tolerate
itraconazole or ketoconazole because of adverse effects or
speciﬁc drug-drug interactions. However, given the favor-
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able pharmacokinetics of ﬂuconazole, including its good
penetration into the CNS, ﬂuconazole could be considered in
the treatment of patients with CNS blastomycosis who have
had a favorable response to initial therapy with amphotericin
B. Clinical experience with ﬂuconazole in this setting is limited to a few patients [54].
Voriconazole has been used to treat patients with blastomycosis. Most have had CNS infection, and the response
rate in this group of patients with severe disease has been
excellent [54, 108, 109]. In additon, voriconazole has been
used in solid organ transplant recipients with blastomycosis
but the results have been mixed [74]. Posaconazole has
potent activity against B. dermatitidis in vitro, but there are
very limited anecdotal reports of patients with blastomycosis
who have been treated with this agent.
For patients with severe, life-threatening blastomycosis,
amphotericin B remains the drug of choice. Traditionally, a
cumulative dose of 1.5–2.5 g of amphotericin B deoxycholate
was advocated [110, 111], but this approach has been supplanted by current recommendations to treat with amphotericin B until the patient has improved and can take oral
medications and then to step down to therapy with oral itraconazole, 200 mg twice daily [101]. Many institutions have
eliminated amphotericin B deoxycholate in favor of lipid formulations of amphotericin because of the toxicity of the older
agent. For CNS blastomycosis, the Infectious Diseases
Society of America (IDSA) Guidelines recommend a lipid
formulation of amphotericin B at a dosage of 5 mg/kg daily
for the initial 4–6 weeks of therapy. These patients should
then be treated with high doses of an oral azole (voriconazole,
ﬂuconazole, or itraconazole) for a minimum of a year [101].
Patients with blastomycosis who have AIDS, transplant
recipients, those receiving chronic corticosteroids or tumor
necrosis factor antagonists, and other signiﬁcantly immunocompromised patients should receive initial therapy with
amphotericin B. Blastomycosis among these patients is associated with signiﬁcant complications, including ARDS,
CNS, and multiorgan involvement, and with substantially
higher mortality. Thus, early and aggressive therapy is essential in this population. Long-term suppressive therapy with
oral itraconazole is generally advised in patients with signiﬁcant ongoing immune dysfunction [101].
Pregnant women with blastomycosis constitute a special
population in regards to therapy. Only a few cases of blastomycosis in pregnancy have been reported, and none have
failed therapy with amphotericin B; lipid formulations are
recommended [101]. There has been no evidence of adverse
effects on the fetus from amphotericin B; thus it appears to
be safe and effective in pregnant women. Azoles should
speciﬁcally be avoided in this population due to potential
teratogenicity.
Blastomycosis is uncommon in children, and therapeutic
studies in this group are lacking. Current recommendations
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are based solely on anecdotal data. Some investigators suggest
that children with blastomycosis have a less favorable
response to initial therapy with an azole than do their adult
counterparts and have advocated initial therapy with amphotericin B [12]. However, the IDSA Guidelines recommend
therapy similar to that noted above for adults, with itraconazole as the agent of choice for mild-to-moderate infection
and amphotericin B reserved for severely ill children [101].
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Coccidioidomycosis
Neil M. Ampel

Coccidioidomycosis is a disease of the Western hemisphere
caused by dimorphic soil-dwelling fungi of the genus
Coccidioides. First recognized as a clinical entity in Argentina
in 1882, the ﬁrst case associated with the San Joaquin Valley
in California was reported soon after [1]. Early cases presented with inﬂammatory lesions of the skin, bones, and
joints that progressed to death despite attempts at treatment.
By the turn of the century, the causative organism was identiﬁed as a mould despite its resemblance in tissue to a protozoan [2]. For the ﬁrst 40 years after its initial description,
coccidioidomycosis was thought to be a relatively rare but
disﬁguring and usually fatal disease. However, more benign
cases of pulmonary disease associated with erythema nodosum or erythema multiforme were linked with coccidioidal
infection during the 1930s [3]. This form of illness, called
Valley Fever, led to speculation that not all cases of coccidioidomycosis were fatal and that there was a wide spectrum
of clinical manifestations after infection [4].
These observations ushered in a watershed period in the
understanding of coccidioidomycosis led by Charles E. Smith
and his colleagues. Smith developed the coccidioidin skin
test, deﬁned the incidence and prevalence of infection within
the San Joaquin Valley, and described the relationship of
skin-test reactivity to clinical disease [5]. He also developed
the coccidioidal serum antibody tests [6], variations of
which are still in use today. However, there was no treatment for coccidioidomycosis until 1957, when Fiese
reported the ﬁrst use of amphotericin B to manage a case of
disseminated disease [7]. Further strides in the therapy of
coccidioidomycosis using amphotericin B were pioneered
and described by Winn [8].
Since those times, much more has been elucidated about
coccidioidomycosis, particularly with regard to immunology,
treatment, identiﬁcation of hosts at risk, and fungal antigen
expression. However, it is astounding how much of the basic
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epidemiology, pathology, clinical expression, and mycology
of coccidioidomycosis was established within the ﬁrst
60 years of its recognition. This initial progress is eloquently
reviewed in the monograph by Fiese [9] and subsequently
updated by Drutz and Catanzaro [10, 11]. Recently,
Hirschmann has succinctly detailed the history of coccidioidomycosis from its ﬁrst description until 1945 [12].

Organism
Life Cycle
Coccidioides is a soil-dwelling fungus in which humans are
incidental and end-stage hosts. In the soil, the fungus exists
as a mould with septate hyphae (Fig. 1). Intervening cells
within the hyphal ﬁlaments degenerate. This arrangement
allows for fragmentation of the hyphae with dislodgement of
remaining intact cells, called arthroconidia. The barrelshaped arthroconidia are approximately 2 × 5 Pm, which
makes airborne dispersal possible and increases the probability of reaching the small bronchi after inhalation into the
lung of a susceptible host [13].
Once inside the host, the fungus undergoes a profound
morphologic change in which the outer wall fractures, the inner
wall thickens, and the entire structure rounds up. Increased
temperature, a rise in CO2 concentration [14], a decrease in pH,
and an interaction with professional phagocytes [15] all facilitate this metamorphosis. The process can also be induced
in vitro using a chemically deﬁned medium [16]. The resulting
structure, called a spherule and unique among pathogenic
fungi, internally segments into multiple uninucleate compartments while growing to a size of up to 120 Pm. These internal
structures, called endospores, are 2–4 Pm in diameter and are
released into the surrounding tissue in packets if the spherule
ruptures. After release, endospores can grow to become spherules themselves, repeating the cycle within the host [17].
Should the fungus subsequently encounter an environment outside the host, it returns to its mycelial morphology.
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Fisher and coworkers have recently added to our knowledge by isolating Coccidioides from sites where human
infection has repeatedly occurred. The index case was
Swelter Shelter, an ancient Amerindian site located in
Dinosaur National Monument in northeastern Utah, where
an outbreak of coccidioidomycosis occurred in 2001 among
workers building a retaining wall and sifting dirt. A similar
outbreak of coccidioidomycosis may have occurred there in
1964–1965 [26]. At Swelter Shelter and at three other locations, Fisher and colleagues were able to isolate the fungus
using mouse passage [27]. While no ﬁrm conclusions regarding soil type and vegetation could be made, the results demonstrate that Coccidioides resides for prolonged periods in
certain environmental locations.

Taxonomy

Fig. 1 Life cycle of Coccidioides (Based on Kirkland and Fierer [214])

Ecology
The observation that Coccidioides is a soil-dwelling organism was ﬁrst made when it was isolated from the earth
beneath a bunkhouse associated with an outbreak of coccidioidomycosis among farm workers [18]. Since then, several
examples of organisms identiﬁed in the soil have been associated with human cases [19, 20]. Unfortunately, general soil
sampling in the endemic area has not been very productive.
Egeberg and Ely tested 500 soil samples obtained in and
around animal burrows in the southern San Joaquin Valley
and detected Coccidioides in only 35 [21]. More recently,
Greene and colleagues isolated the organism only four times
out of 720 samples from the San Joaquin Valley [22]. Overall,
Coccidioides appears to prefer alkaline soils in relatively
warm, dry climates [23], and it preferentially grows in soils
of high salt content, including borates, at higher temperatures [24]. There are compelling data that it is not uniformly
distributed in the soil but is concentrated in animal burrows
[20, 21] or in other soils containing increased nitrogenous
waste, such as Amerindian middens [25].

The classiﬁcation of Coccidioides remains uncertain but
genetic analysis is clarifying this. Studies of 18 S ribosomal
DNA conﬁrms that Coccidioides is within the class
Ascomycetes and is closely related to the pathogenic fungi
Histoplasma capsulatum and Blastomyces dermatiditis [28].
Among all organisms, it is most closely related to the nonpathogenic soil-dwelling fungus Uncinocarpus reesii. [29]
While no teleomorphic stage of Coccidioides has been
observed, Burt and coworkers found molecular evidence for
sexual recombination [30], and Mandel and colleagues have
identiﬁed the genetic loci for mating [31]. Moreover, there is
evidence of genetic variability between clinical isolates from
California, Arizona, and Texas [32]. Isolates of Coccidioides
from South America appear to have been derived from a
single clade from Texas, arriving in the continent from 9,000
to 140,000 years ago, perhaps coincident with human migration into the area [33]. In addition, Fisher and colleagues
have presented genetic evidence that Coccidioides consists
of two distinct species, C. immitis, found only in California,
and C. posadasii, found elsewhere [34]. Because to date
there have been no clear microbiologic or clinical characteristics that distinguish these species, the genus term
Coccidioides will be used throughout this chapter to refer to
both species.

Epidemiology
The endemic regions of coccidioidomycosis lie between the
latitudes of 40°N and 40°S in the Western Hemisphere.
Within this general region, there is great variability in risk
of infection. The endemic regions of coccidioidomycosis
in North America have been associated with the Lower
Sonoran Life Zone, a geoclimatic region characterized by
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hot summers, mild winters, rare freezes, and alkaline soil
[10]. In Central and South America, there are several geographic pockets where individuals have acquired coccidioidal infection [13], including north-central Argentina, where
the disease was ﬁrst recognized. There are also reports of
cases acquired in northeast Brazil [20, 35]. In general, these
Central and South American areas are arid or semi-arid.
Smith and colleagues made the initial association of dust
exposure and risk of coccidioidomycosis in a study of military
personnel in the San Joaquin Valley [36]. They also found a
strong inverse association in the frequency of cases and precipitation. That is, the number of cases waxed during the dry
central California summers and waned during the relatively
wet winters. Galgiani has noted a similar association in
Arizona, except that there are two periods of increased
frequency of cases. The ﬁrst occurs in the spring, after the
winter rains, and the second occurs during the autumn, after
the summer monsoon [37].
Comrie has developed a predictive model of coccidioidal
incidence in the endemic area using reports of symptomatic
cases of coccidioidomycosis in Pima County, Arizona, in
combination with monthly climate data for southeastern
Arizona [38]. A striking relationship was that increased
precipitation 1.5–2 years before the season of exposure was
associated with an increased risk of coccidioidomycosis.
Although this model is imperfect because of its reliance on
reports of symptomatic cases rather than soil isolates of
Coccidioides, it has gained validation after a similar model
was applied to Maricopa County, Arizona, using data from
1998 to 2001 [39].
Epidemics of coccidioidomycosis may occur when geoclimatic patterns are exaggerated. For example, in December
1977, high-velocity winds over the lower San Joaquin Valley
induced not only a local dust storm but also threw dust high
into the atmosphere that blanketed regions to the north and
west outside of the endemic zone, including the San Francisco
Bay and Sacramento metropolitan regions. Within weeks of
the storm, the number of cases of coccidioidomycosis in
California was ﬁve times normal, with many cases being
reported from outside the endemic region [40, 41]. Similarly,
in January 1994, an earthquake-generated cloud of dust,
emanating from the Santa Susana Mountains, dispersed over
Ventura County, California, an area of low coccidioidal
endemicity. Within 2 weeks, increasing numbers of cases of
coccidioidomycosis occurred in Simi Valley, a city located at
the base of the mountains and in the plume of the dust cloud
[42]. In the early 1990s, a nearly tenfold increase in the number
of cases of coccidioidomycosis was seen in the lower San
Joaquin Valley. In this case, drought, followed by heavy rains
and then another drought, was climatologically associated
with the marked increase in cases [43]. Currently, both
Arizona and the San Joaquin Valley of California have been
experiencing increasing numbers of cases of symptomatic
coccidioidomycosis [39, 44]. The reasons for this are not
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clear but probably are related to an inﬂux of susceptible
individuals into these areas and climatic changes.
There have also been many focal outbreaks of coccidioidomycosis associated with local conditions [19, 45–51].
These outbreaks share common traits. First, there was intense
exposure to soil in a conﬁned area, often in association with
an archeological dig or other soil disturbance. In addition,
those exposed were either young or not from the endemic
region and so could be presumed to be nonimmune. These
outbreaks are notable for their high attack rate and association with diffuse rash and extensive pulmonary inﬁltrates.
When calculable, the incubation period between exposure
and development of active disease was between 2 and
4 weeks. Because of this, the diagnosis was often established
only after the individuals had returned to their homes outside
the coccidioidal endemic area.
The prevalence and incidence of coccidioidomycosis in a
region has been estimated using skin test studies measuring
delayed-type dermal hypersensitivity. A study of the prevalence of coccidioidin skin test reactivity among naval recruits
and others by Edwards and Palmer in 1957 did much to
deﬁne the coccidioidal endemic area in the United States
(Fig. 2) [52]. In this study, highest prevalence was found in
the southern San Joaquin Valley, in south-central Arizona,
and along the western portion of the lower Rio Grande Valley
in Texas. Regions of lesser endemicity included most of
southwestern Arizona, southern Nevada and southwestern
Utah, southern New Mexico and far western Texas.
In the past, rates of skin test positivity were quite high in
endemic regions. Among the few recent studies, that rate
appears to be declining. In an analysis of skin test responses
in high school students in the southern San Joaquin Valley,
Larwood found that the incidence of new skin test reactions
had decreased from greater than 10% each year in 1937–1939
to 2% in 1995 [53]. A study performed in 1985 in Tucson,
Arizona, found a prevalence of positive skin test response of

Percent Reactions
(5mm or more)
51-70
31-50
11-30
6-10

Fig. 2 Endemic regions for coccidioidomycosis in the United States
based on response to dermal hypersensitivity testing. Increased intensity of shading indicates increased rates of positivity (Based on Edwards
and Palmer [52])
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approximately 30% [54], with an estimated yearly conversion
rate of 3% each year. A recent study of Torreón, a city in
northeastern Mexico in the state of Coahuila, found a prevalence of 40% [55]. These data indicate that even in the coccidioidal endemic regions, most individuals have not acquired
coccidioidomycosis and remain susceptible to infection.
Given the ability of arthroconidia to become airborne, it is
not surprising that most cases of coccidioidomycosis are due
to inhalation, with the lung as the primary site of infection.
A variety of occupations have been associated with an
increased risk of acquiring coccidioidomycosis, and most of
these are associated with working with soil or dust in endemic
regions. These include agricultural workers, excavators,
military personnel [56], and archeologists [45, 46].
In addition, there are numerous reports of laboratoryacquired coccidioidomycosis [9, 56–58]. Coccidioides grows
readily as a mould on a variety of artiﬁcial laboratory media,
and aerial mycelia begin to develop after 4 days. These can
easily become dislodged and airborne. The concentrations of
airborne arthroconidia from artiﬁcial media are undoubtedly
far higher than might be encountered naturally and are
presumed to result in a high-inoculum exposure. Recently,
Stevens and colleagues have outlined an approach when accidental exposures to Coccidioides occur in the laboratory [59].
Initial advice includes having the clinician alert laboratory
personnel whenever coccidioidomycosis is suspected and not
opening any culture plate containing an unknown mould outside of a biologic safety cabinet. When a signiﬁcant exposure
has been deemed to have occurred, evacuation of the area with
subsequent disinfection is recommended. All exposed personnel should have coccidioidal serologic tests performed at the
time of exposure and after 6 weeks. Although not all experts
would agree, Stevens et al. also recommend 6 weeks of prophylactic antifungal therapy [59]. In addition to airborne exposure, care should be taken to avoid percutaneous injury with
cultures of Coccidioides, since laboratory instances of primary
cutaneous coccidioidomycosis have also occurred [58]. In recognition of the potential of the mycelial phase for infectivity,
Coccidioides is the only fungus listed by the United States
government as a possible bioterrorist agent [60].
There is no evidence for person-to-person spread of coccidioidomycosis. However, interhuman transmission has
been reported to occur via a contaminated fomite. In this
case, pulmonary coccidioidomycosis occurred in six
healthcare workers who changed the dressings and cast
covering an area of draining osteomyelitis of a patient with
disseminated coccidioidomycosis. Subsequent investigation
revealed Coccidioides growing on the dressings and cast,
which were dry at the time of removal. It was presumed that
mycelial growth occurred on these objects and was the source
of infection [61]. Fomite transmission of coccidioidomycosis
has been reported under a variety of other circumstances.
The handling of raw cotton grown in the endemic area has
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been noted in several instances [9, 62, 63]. Cleaning of dusty
artifacts from an archeology site obtained from the coccidioidal endemic region has also resulted in infection [9]. Even
a “dusty and dirty” suitcase from the endemic region has
been the presumed source of infection in a child living outside
the endemic region [64].

Pathogenesis
Necrotizing granulomata surrounding coccidioidal spherules
are the classic pathologic manifestations of coccidioidomycosis and suggested to early investigators a similarity to the
reaction seen in tuberculosis [9]. However, it was also recognized that an acute pyogenic response with polymorphonuclear leukocytes could occur, particularly in association with
rapidly progressive lesions of disseminated disease. Some
observers have suggested that this latter reaction is due to
endospores and not to spherules. In many instances, the two
reactions are in close proximity [65]. The concept proposed
is that with unrestrained fungal growth, endospores are
released from the spherule, and there is an intense but nonprotective polymorphonuclear response. Soluble extracts of
both mycelia and spherules are chemotactic for polymorphonuclear leukocytes and may play a role in initiating inﬂammation [15]. This process may then evolve into a more
protective granulomatous response surrounding the spherule
in those individuals who are able to control their disease [9].
While in vitro data suggest that polymorphonuclear leukocytes can inhibit fungal growth [66], their role in controlling
coccidioidal growth in vivo is unclear.
There have been numerous reports of tissue and peripheral blood eosinophilia in coccidioidomycosis. Peripheral
blood eosinophilia during primary illness and eosinophils in
cerebrospinal ﬂuid in coccidioidal meningitis are common
enough in coccidioidomycosis to suggest the respective
diagnoses [67]. Pulmonary eosinophilia due to coccidioidomycosis may resemble idiopathic eosinophilic pneumonia histologically except for the ﬁnding of spherules in
tissue [68]. Extreme peripheral blood eosinophilia (>20%)
has been associated with disseminated disease [69, 70]. The
pathologic ﬁnding of eosinophilic abscesses in coccidioidalinfected tissues has been associated with rupturing spherules
with release of endospores.
The ﬁnding of the spherule in tissue is the sine qua non of
coccidioidomycosis. The spherules seen are often of all sizes
and sometimes can be shown to be rupturing and dislodging
endospores. In addition, there have been reports of mycelia
within pre-existing coccidioidal cavities [71, 72], a report of
mycelia being found in a coccidioidal empyema [73], and
another of mycelia identiﬁed in the CSF in a severe case of
coccidioidal meningitis [74]. It is presumed that in these
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cases, local conditions allowed the fungus to revert to its
saprophytic phase. There is no evidence that such patients
are infectious.
Coccidioidomycosis may involve nearly any organ of the
body. The most common symptomatic sites include the
lungs, skin and subcutaneous soft tissue, bones and joints,
and meninges. However, a variety of other organs may also
be involved, often silently. These include the liver and spleen
[9], peritoneum [75, 76], and female genital tract [77, 78].
While coccidioidomycosis of the male genital tract can present
as symptomatic epididymitis, it also has been incidentally
diagnosed during surgery or biopsy of the prostate [79, 80].
There have been numerous reports of pericarditis due to
Coccidioides [81]. Unlike histoplasmosis and tuberculosis,
direct involvement of the gastrointestinal mucosa is extremely
rare [82], but there may be extension to the gastrointestinal
tract from an adjacent site [83]. In addition, there are reports
of direct infection of the tracheobronchial tree [84]. Eye
involvement with coccidioidomycosis has been reported
sparingly, mostly as asymptomatic chorioretinal scars [85] or
as a scleritis or conjunctivitis associated with primary
infection and erythema nodosum. Active iridocyclitis and
chorioretinitis have been reported, usually as part of overtly
disseminated disease [86].
While the most frequent pathologic response to central
nervous system infection by Coccidioides is a basilar granulomatous meningitis, a variety of other processes are seen,
including intracranial abscesses [87], parenchymal granulomata, and vasculitis [88]. Williams and colleagues have
described the clinical presentation of vasculitis associated
with CNS coccidioidomycosis in a small cohort [89]. Onset
may occur early or late in the course of disease, and there are
no clear predisposing factors. Patients usually present with a
stroke-like syndrome, such as hemiparesis or aphasia, and
the mortality rate is high.
A strong cellular immune response is critical to the control
of coccidioidal infection. It is well-documented that patients
with defects in such defenses, such as those with HIV infection [90], organ transplant recipients [91], and those on longterm corticosteroid therapy [92], are at increased risk for
developing severe symptomatic coccidioidomycosis. In addition, there is an association between the strength and type of
the coccidioidal-speciﬁc immune response and the severity
of clinical infection. Persons with self-limited pulmonary
illness usually express a strong cellular immune response,
manifested as a positive coccidioidin skin test reaction, and
transiently produce low-titer anticoccidioidal antibodies in
their serum. On the other hand, those with disseminated
coccidioidomycosis tend to lack a cellular immune response
and have high and prolonged serum antibody titers [11].
Human in vitro immunologic studies have conﬁrmed the
importance of the cellular immune response in coccidioidomycosis. Peripheral blood mononuclear cells from

subjects with disseminated coccidioidomycosis produce less
interferon-gamma (IFN-J) in response to coccidioidal antigen
than do cells from healthy, immune donors, but the suppressive cytokines interleukin-4 (IL-4) and interleukin-10
(IL-10) are not demonstrated [93, 94]. However, secretion of
IFN-J by cells from immune donors can be increased in vitro
by the addition of the stimulatory interleukin-12 and by addition of antibody directed against IL-10 in cells from anergic
donors [95]. Pulmonary granulomata from patients with
coccidioidomycosis contain both IFN-J and IL-10 and are
associated with peripheral clusters of lymphocytes containing B cells and well as CD4 and CD8 T cells [96].
Clinically, the expression of delayed-type hypersensitivity
(DTH) after skin testing with a coccidioidal antigen has
been associated with an intact cellular immune response.
The lack of such expression, called anergy, has been clearly
associated with more severe, disseminated disease [11, 97].
This has led to the speculation that agents that could reverse
coccidioidal anergy might serve as potential treatments for
disseminated coccidioidomycosis. A recent report on the
use of dendritic cells in human coccidioidomycosis holds
promise [98].
Vaccination of mice with whole, formalin-killed spherules protects them from subsequent lethal challenge with
Coccidioides [99]. Unfortunately, the dose used proved to
have a high incidence of local toxicity in humans [100].
A double-blind, placebo-controlled study inoculating a
lower dose of formalin-killed spherules in nonimmune people living in the coccidioidal endemic area showed a trend
toward disease reduction in the vaccine group, but the differences were not statistically signiﬁcant [101]. Since this trial,
several laboratories have shown that immunization with
fungal subunits may be protective in mice and could serve
as human vaccine candidates in future studies. These include
the 27 K antigen preparation [102], recombinant Ag2/PRA
[103, 104], and recombinant urease [105]. Recently, Xue and
colleagues have successfully immunized mice using a live
mutant of Coccidioides in which two chitinase genes were
disrupted [106].

Clinical Manifestations
Primary Pulmonary Infection
Sixty percent of persons are completely asymptomatic at the
time of initial pulmonary coccidioidal infection [5]. Their
only indication of infection is a positive reaction to a coccidioidal skin test. The rest of those infected manifest a variety
of symptoms, most commonly cough, usually dry but occasionally blood-tinged, fever, night sweats, pleuritic chest
pain, and headache [107]. Fatigue may be prominent and
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profound [108]. In some cases, there is an evanescent, diffuse,
pruritic rash over the trunk and extremities early in the course
of illness that may be confused with contact dermatitis or
measles [109, 110]. In up to one-quarter of cases, patients
develop either erythema nodosum or erythema multiforme,
usually a few days to weeks after the initial pulmonary symptoms. Erythema nodosum generally occurs as bright red,
painful nodules on the lower extremities, while erythema
multiforme tends to occur on the upper trunk and arms, often
in a necklace distribution (Fig. 3). In about one-third of these
cases, arthralgia may be present, most commonly of the
ankles and knees and called desert rheumatism [9]. Primary
pulmonary coccidioidomycosis with erythema nodosum or
erythema multiforme has a predilection for white females
and is rarely seen in African-American patients [97]. Smith
correlated the onset of erythema nodosum with the development of coccidioidal skin test reactivity [4]. The development
of either of these rashes during primary coccidioidomycosis
is considered an indicator of a decreased risk for subsequent
dissemination or chronic active infection [9, 111].
There is great variability in the radiographic ﬁndings of primary pulmonary coccidioidomycosis [112]. Most frequently,
a unilateral parenchymal inﬁltrate is present. The appearance
may range from a subsegmental patchy alveolar process to a
dense lobar inﬁltrate with atelectasis (Fig. 4). Ipsilateral or
bilateral hilar adenopathy or mediastinal adenopathy is
often present [113]. A small pleural effusion ipsilateral to
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the pulmonary inﬁltrate occurs in about one-ﬁfth of cases.
Occasionally, large pleural effusions occur [114].
It is not uncommon for primary coccidioidal pneumonia
to be confused with a community-acquired bacterial pneumonia. A recent study found that up to 29% of persons living
in the coccidioidal endemic region diagnosed with a bacterial
pneumonia had evidence of recent coccidioidal infection
[115]. While at times difﬁcult to distinguish, clues favoring a
diagnosis of pulmonary coccidioidomycosis include persistent
fatigue and headache, failure to improve with antibiotic therapy,
hilar or mediastinal adenopathy on chest radiograph, and
peripheral blood eosinophilia.

Pulmonary Sequelae of Primary Coccidioidal
Pneumonia
In the vast majority of individuals with symptomatic primary
coccidioidomycosis, the symptoms resolve spontaneously over
a few weeks. However, radiographic abnormalities remain in
about 5%. One of the most common is the coccidioidal nodule
(Fig. 5). Nodules are benign residual lesions of coccidioidal
pneumonia but are problematic because of their radiographic
resemblance to pulmonary neoplasms. Although they appear
as single lesions on plain chest radiograph, multiple lesions

Fig. 3 Erythema nodosum (a) and erythema multiforme (b) in patients with primary coccidioidal pneumonia
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Fig. 4 Primary coccidioidal pneumonia. Note the dense inﬁltrate with evidence of atelectasis and ipsilateral small pleural effusion

Fig. 5 Right lower lobe nodule due to coccidioidomycosis

are frequently seen on computed tomography (CT) of the
chest, especially during primary pneumonia [116]. They
range in size from a few millimeters to more than 5 cm in
diameter and may be calciﬁed. Currently, there is no radiographic way to clearly distinguish coccidioidal nodules from
malignancies. Fine-needle percutaneous aspirate with histologic examination appears to be diagnostic in the majority of
cases [117, 118].
Coccidioidal cavities occur when a pulmonary nodule
excavates. In most cases, cavities are asymptomatic, between
2 and 4 cm in diameter, and their natural history is to close
over time [119, 120]. Sputum cultures obtained from individuals
with coccidioidal pulmonary cavities are frequently positive
for Coccidioides. Radiographically, cavities are typically

Fig. 6 Left upper lobe cavity. Patient acquired infection while working
on an archeological site 2 years previously and complained of persistent
cough and chest pain

thin-walled but may have a surrounding area of inﬁltration
(Fig. 6). Their course can be complicated. One syndrome is
persistent chest pain and cough, often associated with an airﬂuid level within the cavity. The symptoms may be due to
coccidioidal infection per se or to secondary bacterial or fungal
infection within the cavity. Even Coccidioides itself has been
found to secondarily infect coccidioidal cavities [119].
Cavities have also occasionally been associated with signiﬁcant hemoptysis. A unique complication is pyopneumothorax
due to rupture of a cavity into the pleural space. Patients
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complain of abrupt dyspnea, and the chest radiograph reveals
a collapsed lung with an ipsilateral pleural effusion that is
inﬂammatory in nature [121].
Coccidioidomycosis may result in chronic progressive
disease, often associated with bronchiectasis and ﬁbrosis.
The patient usually has persistent cough, fever, positive sputum
cultures for Coccidioides, and persistently elevated coccidioidal serology. The chest radiograph may reveal biapical
pulmonary ﬁbrosis, similar to that seen in tuberculosis or
histoplasmosis. Without therapy, the process is often chronic
and progressive [122].
Finally, primary coccidioidomycosis may present as a
diffuse pulmonary process, similar to miliary tuberculosis.
There are two mechanisms. The ﬁrst is overwhelming exposure
among immunocompetent persons. Larsen and colleagues
reported two such cases where apparent inhalation of a large
inoculum of organisms resulted in a diffuse pneumonic process and respiratory failure [47]. Arsura and colleagues
reported their experience among eight immunocompetent
patients, who represented 1% of all patients hospitalized for
coccidioidomycosis [123]. Diffuse pulmonary coccidioidomycosis may also be a manifestation of dissemination and is
often associated with fungemia, usually occurring among
immunocompromised patients. The mortality rate for this
form of coccidioidomycosis is exceedingly high [92, 124].
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forms, including papules, plaques, ulcers, draining sinuses,
and subcutaneous abscesses [127]. Early in the course of
disease, skin lesions may appear to be particularly benign.
Punch biopsies of any suspicious cutaneous lesion in a patient
with coccidioidomycosis should be performed with material
sent both for histopathologic examination and for fungal
culture.
Bones are also frequent sites of coccidioidal dissemination, and the vertebrae are most commonly affected [128].
The patient notes persistent back pain and, on examination,
there is point tenderness and, in some cases, overlying soft
tissue swelling. Plain radiography generally reveals a wellmarginated lytic lesion [129]. When a vertebral body is
involved, there are usually one or more erosive lesions within
the body; body height is preserved, and the intervertebral
disk is not involved. MR imaging reveals signal abnormalities within the vertebral body (Fig. 7) and, often, paravertebral and epidural soft tissue swelling [130]. This mixture of
bony and soft tissue inﬂammation can be very destructive
and result in nerve root and spinal cord compression. Because
of this, neurosurgical consultation is imperative.
Joints may be infected with or without underlying bone
involvement. The knee is the most common site of coccidioidal
synovitis. Patients present with chronic pain and swelling of

Disseminated Coccidioidomycosis
Dissemination is deﬁned as the spread of coccidioidal infection beyond the thoracic cavity. In most cases, it portends a
poorer prognosis than pulmonary coccidioidomycosis and is
associated with a less vigorous cellular immune response to
the fungus than occurs in those with pulmonary disease.
Dissemination usually becomes clinically apparent within
the ﬁrst few months after pulmonary infection and may occur
in individuals who are both symptomatic and asymptomatic
at the time of initial infection. Indeed, evidence of antecedent
pulmonary infection is apparent in only about 60% of individuals [125]. It is estimated that disseminated coccidioidomycosis occurs in fewer than 1% of all those infected,
and the risk is increased in those with underlying immunosuppression as well as in males of African-American or
Filipino descent [125]. Patients may have single or multiple
sites of dissemination. Hypercalcemia is an uncommon complication of coccidioidal dissemination. The process does not
appear to be related to vitamin D metabolism and frequently
responds to antifungal therapy and ﬂuid resuscitation [126].
The skin is the most common site of extrathoracic dissemination. Reports of large, verrucous lesions, particularly of
the face, were prominent in the earliest reports on coccidioidomycosis. However, skin lesions can take on a variety of

Fig. 7 Magnetic resonance image demonstrating coccidioidal vertebral
osteomyelitis. Note nonhomogeneous enhancement in L3 and L4 with
lack of involvement of disk space

Coccidioidomycosis

the joint [131]. Magnetic resonance imaging (MRI) reveals a
thickened and enhanced synovium and occasional underlying
bone and cartilage loss [132]. Fluid from joint aspiration
demonstrates an inﬂammatory process, but fungal culture is
rarely positive. Synovial biopsy may be necessary to establish the diagnosis.
Meningitis presents with persistent headache and decreasing
mental acuity. Lumbar puncture reveals a lymphocyte pleocytosis with an elevated protein and a markedly depressed
CSF glucose concentration. A distinguishing characteristic
is the presence of eosinophils in the CSF. Fungal culture is
positive in only about one-third of cases [133]. Serum coccidioidal antibody tests are usually positive, and the speciﬁc
diagnosis is most commonly established by the ﬁnding of
anticoccidioidal antibodies in the CSF, although these may
occasionally be negative [134]. Prior to the advent of antifungal therapy, coccidioidal meningitis was invariably fatal
[135]. In one-half of patients, meningitis is the only clinically overt manifestation of disseminated coccidioidomycosis
[133]. Coccidioidal meningitis should always be considered
in the differential diagnosis of chronic lymphocytic meningitis,
even outside the coccidioidal endemic region. A common
complication is hydrocephalus, either communicating or
noncommunicating. This may occur in the face of appropriate
antifungal therapy. In all patients with coccidioidal meningitis,
neuroradiography should be performed, with MRI the test
of choice [136]. Some patients may develop encephalitis or
stroke caused by cerebral vasculitis [137].

Special Hosts
Patients with conditions associated with depressed cellular
immune function have been clearly identiﬁed as at increased
risk for developing severe and disseminated coccidioidomycosis. Included are those with underlying lymphoma or
cancer chemotherapy [138], those on chronic corticosteroids
[92], and those with immunosuppression due to HIV infection [90]. Because of improved antiretroviral therapy and
subsequent immune reconstitution, the severity of presentation and the number of cases of active coccidioidomycosis in
association with HIV infection is declining [139]. The
immune response inﬂammatory syndrome appears to occur
very rarely in persons with concomitant HIV infection and
coccidioidomycosis [139, 140].
There have been increasing reports of active coccidioidomycosis among those who have received solid organ
transplants [141]. Most cases appear to be the result of a
reactivated, previously acquired infection and emerge at a
time of profound immunosuppression with resultant dissemination. Patients at risk usually have a history of prior active
coccidioidomycosis or a positive coccidioidal serologic test
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just prior to transplantation. Antifungal prophylaxis with an
azole appears to signiﬁcantly reduce the risk of active coccidioidomycosis among such patients [142]. Four cases of
donor-derived coccidioidomycosis have been reported
[143–145]. However, a review of donors screened prior to
transplantation within the endemic region found a low incidence of seropositivity and no instances of active coccidioidomycosis among the organ recipients, even when the
donors had prior evidence of coccidioidomycosis [146].
Tissue necrosis factor-alpha (TNF-D) inhibitors have been
associated with an increased risk of symptomatic illness with
endemic fungi [147]. In a study performed among rheumatology clinics located in the coccidioidal endemic region
[148], 13 cases of coccidioidomycosis were identiﬁed among
patients receiving TNF-D inhibitors. Twelve cases occurred
in those receiving the chimeric monoclonal antibody inﬂiximab, and one occurred in a patient receiving the TNF-D
receptor antagonist etanercept. All patients had pulmonary
disease, and two had a history of prior coccidioidomycosis.
While 10 patients had resolution of their pneumonia with
antifungal therapy, 3 died after developing disseminated
disease. In a cohort analysis, patients receiving inﬂiximab
had a ﬁvefold higher risk of developing symptomatic coccidioidomycosis compared to patients on other rheumatologic medications. While it is unclear what proportion of
cases in this group were due to acute infection compared to
reactivation of previously acquired quiescent infection, there
is a report of reactivation occurring outside the coccidioidal
endemic region after the initiation of anti-TNF-D therapy
[149]. Within the endemic area, it is reasonable to periodically obtain serology and chest radiographs for patients
receiving monoclonal antibody TNF-D inhibitor therapy.
Antifungal therapy should be considered for patients with
evidence of active infection, and these patients must be
closely monitored [150].
Male sex and increasing age, particularly over 60 years,
have been associated with increased risk of developing
symptomatic coccidioidomycosis but not necessarily disseminated disease [151–154]. Diabetics may have an
increased risk of severe pulmonary disease with cavitation
[13]. Numerous studies have found that African-American
men are at markedly increased risk for the development of
disseminated coccidioidomycosis when compared to other
groups [41, 151, 153, 155, 156]. For these patients, the clinical
presentation is often stereotypical, with widely disseminated
disease typically involving the skin, subcutaneous tissue, and
vertebrae (Fig. 8). Filipino men have also been suggested to
be at similar risk [13].
Finally, women who acquire coccidioidomycosis during
the second and third trimesters of pregnancy are at increased
risk of developing severe, symptomatic, and often disseminated coccidioidomycosis, although morbidity and mortality
appear to have declined markedly from the past [157]. Women
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Fig. 8 Disseminated coccidioidomycosis in an African American man.
Typical verrrucous skin lesion on the face

who have stable or asymptomatic coccidioidomycosis prior
to pregnancy do not appear to develop worsening disease as
pregnancy advances. Congenital anomalies have been
observed in the newborns of women who received high-dose
ﬂuconazole for coccidioidal meningitis during their pregnancy [158]. Although recent studies have not found a clear
association [159], high-dose azole therapy during pregnancy
should be avoided, particularly during the ﬁrst trimester.

Diagnosis
There are three mainstays for the diagnosis of coccidioidomycosis: culture, histopathology, and serology.
Coccidioides grows as a nonpigmented mould, usually after
3–7 days of incubation at 35 °C on a variety of artiﬁcial
media, including blood agar. Any growth suspicious for
Coccidioides can be formally identiﬁed using a commercially available chemiluminescent probe that hybridizes
with coccidioidal-speciﬁc DNA sequences. It has a sensitivity
and speciﬁcity of 99% and 100%, respectively [160]. Sputum
or other respiratory secretions are frequently culture-positive in primary coccidioidomycosis, cavitary disease, and
chronic or persistent pulmonary coccidioidomycosis. Biopsy
specimens from disseminated sites are less likely to reveal
growth. When coccidioidomycosis is suspected, cultures
should always be obtained. If positive, they provide absolute
confirmation of the diagnosis. As previously mentioned,
the growth of Coccidioides on artiﬁcial media represents a
laboratory hazard and suspected samples should be handled
accordingly [161].
Histopathologic identification of spherules is another
method for establishing the diagnosis of coccidioidomycosis (Fig. 9). In some instances, such as biopsy of pulmonary nodules, it appears to have greater sensitivity
than culture [117, 118], while in other instances, such as

Fig. 9 Hematoxylin–eosin stain of lung tissue containing a coccidioidal spherule. Note surrounding inﬂammatory cells

respiratory secretions, it appears to be less sensitive
[162, 163]. For routine biopsies, the Gomori methenamine silver (GMS) stain or the periodic acid–Schiff
(PAS) stains are preferable to the hematoxylin-eosin
method, because spherules stand out from tissue with
these stains. Microscopic examination of specimens
treated with 10% potassium hydroxide (KOH) has been
used in the past to identify spherules in respiratory samples. However, it has a very low sensitivity. The
Papanicolaou stain is more sensitive [163].
Serologic tests identifying anticoccidioidal antibodies
were initially developed by Smith and his colleagues nearly
50 years ago [164]. They remain important today both in the
diagnosis and the management of coccidioidomycosis [165,
166]. Because of changes in nomenclature and methodology,
coccidioidal serologic tests can be confusing. The tube precipitin (TP) assay employs a heat-stable antigen now known
to be a E-glucosidase [167], detects IgM antibodies, and is
generally positive very early during infection or during acute
reactivation [166]. The complement ﬁxation (CF) assay uses
a heat-labile antigen that is a chitinase [168], detects IgG
antibody, and is positive during early disease and remains
positive in cases of severe illness and dissemination. Rising
serum titers suggest more severe clinical disease, and detection in the CSF is usually diagnostic of coccidioidal meningitis. A modiﬁcation of these assays employs immunodiffusion
(ID) and the same antigen preparations to detect the presence
of speciﬁc antibodies [169, 170]. The IDTP and IDCF are
comparable to the standard assays [171] and have few or no
false-positive results.
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A commercial enzyme immunoassay (EIA) that detects
IgM and IgG antibodies using proprietary antigens is also
available. While it may be more sensitive than the TP and CF
assays, its speciﬁcity has not been established, and there has
been concern about false-positive results [172]. However,
one report that examined the utility of an isolated IgM EIA
result found it to be very speciﬁc after results were compared
with clinical and laboratory follow-up [173].
Serologic tests are problematic in that they depend on
host response, which may be dampened due to immunosuppression [174, 175]. Recently, assays that directly detect
Coccidioides have become available. Following a report that
some patients with coccidioidomycosis have Histoplasma
capsulatum antigenuria [176], a speciﬁc assay that detects
coccidioidal galactomannan was developed [177]. While not
fully evaluated, it appears useful for patients with immunosuppression coexisting with severe and disseminated disease.
Recently, there has been a series of reports on genomic detection of Coccidioides from a variety of samples [178–182].
While none are currently commercially available, they hold
out the promise of a rapid, sensitive, and speciﬁc diagnostic
tool for the future.

Treatment
Antifungal Options
Treatment alternatives for coccidioidomycosis must be
tempered with the knowledge that there has never been a
placebo-controlled trial of any antifungal agent in coccidioidomycosis and only one comparative trial. Amphotericin
B, formulated with deoxycholate, has been used for the
management of severe coccidioidomycosis for nearly
50 years [8]. While no formal study has ever been done, a
review of published cases suggests that amphotericin B
induces clinical improvement in up to 70% of patients
treated [183]. Unfortunately, the well-known adverse events
of amphotericin B have limited its usefulness. In addition,
intravenous amphotericin is ineffective in coccidioidal
meningitis, and intrathecal therapy is required. Because of
these problems, the use of amphotericin B for the management of coccidioidomycosis has generally been supplanted
by the oral azole antifungals. However, many clinicians
still use intravenous amphotericin B as initial therapy for
severely ill patients, and some patients will require amphotericin B if they fail to respond to azole antifungals. There
are several lipid formulations of amphotericin B. To date,
none has been shown to have superior efﬁcacy to the deoxycholate formulation in the treatment of coccidioidomycosis,
and at this time these newer formulations should be reserved
for patients at risk for or with renal dysfunction.
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Oral azoles have become the mainstay of therapy for
most cases of coccidioidomycosis that require therapy.
Because of reduced efﬁcacy and toxicity, ketoconazole has
been supplanted by the newer agents, particularly ﬂuconazole and itraconazole. Initial studies performed by the
Mycoses Study Group suggested that the minimum azole
dose should be 400 mg daily and that relapses are frequent
once therapy is discontinued [184, 185]. A landmark comparative trial of ﬂuconazole and itraconazole completed
among patients with pulmonary and nonmeningeal disseminated coccidioidomycosis demonstrated that the drugs
were comparable in both efﬁcacy and relapse rate, but the
response rate was higher with itraconazole, particularly
with bone disease [186]. Oral ﬂuconazole and itraconazole
have both demonstrated efﬁcacy in the treatment of coccidioidal meningitis [187, 188].
The role of newer azole antifungals, such as posaconazole and voriconazole, has yet to be determined. Three
small, nonrandomized clinical trials of posaconazole
[189–191] suggest that it can be useful in patients who
have failed previous azole therapy for coccidioidomycosis.
For voriconazole, there are only individual case reports
indicating efﬁcacy in patients that have failed other treatments [192–194].
Other classes of antifungals hold promise for the future.
The 1,3-E-D-glucan synthase inhibitor caspofungin, an echinocandin, was found to have efﬁcacy in the treatment of
murine coccidioidomycosis [195] and there are case reports
of clinical use [196, 197], although efﬁcacy remains unclear.
Nikkomycin Z, a chitin synthase inhibitor, also may ﬁnd a
use in the future treatment of coccidioidomycosis [198].
Although it might be predicted that immune modulating
agents would be useful adjuncts in the management of severe
coccidioidomycosis, there is only a single report of possible
efﬁcacy using IFN-J [199].
Antifungal susceptibility testing has gained credence as a
useful technique for the management of some fungal infections, but there is no standardized method for performing
such an assay with Coccidioides. While there are not enough
data to advocate its general use, there are reports of consistency [200] and utility [201].
Although surgery plays a smaller role in the management
of coccidioidomycosis than it did in the past, it still is vital as
an adjunctive therapy in certain instances. It remains the
major part of therapy in the management of pyopneumothorax
and is occasionally required for extirpation of problematic
pulmonary cavities. In addition, surgery is useful for drainage
and debridement of extrapulmonary sites that fail to resolve
with antifungal therapy [202] and in the placement of shunt
catheters in patients with hydrocephalus due to coccidioidal
meningitis [203]. Finally, many patients with coccidioidal
vertebral osteomyelitis will require surgery in addition to
chemotherapy [204].
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Management of coccidioidomycosis is notoriously difﬁcult
because of the tremendous variability in the course of illness
among patients with similar types of disease and because of
the multifarious nature of the disease in any given patient. In
spite of this, useful clinical guidelines have been recently
updated [150].

Primary Pneumonia and Pulmonary Residuae
The goal of therapy for primary pneumonia is to ameliorate
symptoms. There are no data that such therapy will prevent
dissemination. It is clear that the vast majority of cases of
primary pulmonary coccidioidomycosis will not require any
therapy [205]. It is prudent to follow up with all such patients
for at least 1 year to document resolution of the initial process and to ensure that dissemination has not occurred.
Therapy should be considered in those patients with severe
symptoms, including prostration, night sweats, and weight
loss, in those with elevated serum CF titers (>1:16), or in
those with underlying conditions that increase their risk of
severe coccidioidomycosis, such as HIV infection with
depressed peripheral blood CD4 cell counts, treatment with
corticosteroids or TNF-D inhibitor therapy, Filipino or
African-American race, and pregnant women who acquired
infection during the second or third trimester. If treatment is
initiated, it should be continued for at least 3–6 months [150].
An oral azole antifungal at a minimum daily dose of 400 mg
is recommended.
Management of pulmonary residuae is more complex.
Pulmonary nodules require no therapy. Most pulmonary
cavities will also require no therapy, but antifungal therapy
should be considered in those with persistent symptoms,
including cough, chest pain, and hemoptysis. In cavities with
an air-ﬂuid level, treatment for a secondary bacterial infection is warranted. In rare cases, surgery may be required
because of persistent hemoptysis or an enlarging cavity
despite therapy. The mainstay of management of pyopneumothorax is surgical, but most clinicians would also use
adjunctive antifungal therapy. For most cases where therapy
is indicated, oral azole therapy similar to that for primary
pneumonia is appropriate.

Diffuse Pneumonia and Chronic Pulmonary
Disease
Diffuse pulmonary coccidioidomycosis, whether due to high
inoculum exposures or to fungemia in an immunocompromised host, should always be treated. Because of the severity
of this manifestation of coccidioidomycosis, most clinicians
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begin with intravenous amphotericin B with a concomitant
azole antifungal as initial therapy and then change to an oral
azole antifungal alone once the patient is clinically stable
[150]. Antifungal therapy should be continued for at least
1 year, and many clinicians recommend life-long therapy,
particularly for the immunocompromised patient.
Chronic persistent pneumonia, consisting of cough,
fevers, inanition, and other symptoms for 6 weeks or more,
also requires therapy. Treatment with an oral azole antifungal
at 400 mg daily is usually adequate. Therapy for months to
years is the rule. Monitoring symptoms, periodically rechecking
sputum cultures for growth of Coccidioides, and repeated
assessment of serum CF titers is helpful in determining
response. Similar therapy is also recommended for those
patients with ﬁbrocavitary disease. However, many of these
patients will have minimal pulmonary symptoms. In such
cases, in the absence of a positive sputum culture and without
elevated CF serologies, it may be appropriate to withhold
antifungal therapy and observe the patient over time.

Disseminated Non-meningeal
Coccidioidomycosis
With rare exceptions, all forms of extrathoracic disseminated
coccidioidomycosis require antifungal therapy. For nonmeningeal disseminated coccidioidomycosis, the type of antifungal therapy will depend on the clinical severity of disease. In
those hospitalized because of coccidioidomycosis, intravenous amphotericin B should be initiated. Many clinicians
experienced in the management of coccidioidomycosis
combine amphotericin B at the outset with an oral azole antifungal at 400 mg or more daily. While there is a theoretical
risk of antagonism between these two classes of drugs [206],
antagonism has not been observed clinically in coccidioidomycosis nor in other mycoses [207], and many patients
have been observed to improve on such combined coverage.
Once the patient has clinically stabilized, usually over
4–6 weeks, the amphotericin B can be tapered and stopped,
leaving the patient on oral azole therapy alone. Some patients
fail azole therapy after responding to amphotericin B. In
such cases, reinstitution of amphotericin B will be required.
Because relapse is frequent, particularly with oral azoles
[184, 185], therapy should be continued for a prolonged
period, often years. Patients should be periodically monitored for evidence of disease activity at the site of dissemination, either through direct clinical observation or through
imaging. In addition, CF serology should be obtained at 3–6month intervals. Assessment of coccidioidal-speciﬁc cellular
immunity at similar time points is helpful. There are no strict
guidelines for discontinuing therapy in patients with disseminated nonmeningeal coccidioidomycosis, and some patients
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may require life-long therapy. In a retrospective study, Oldﬁeld
and colleagues found that relapse was more frequent in those
with a peak CF titer of t 1:256 and in those who had persistently negative coccidioidal skin tests. End-of-therapy CF
titer was not predictive [208]. The risk of relapse is between
15% and 30% after azole therapy is discontinued. Relapses
usually occur at the site of initial disease and within 1 year of
stopping therapy [184, 185, 209]. It is reasonable to taper
and then stop antifungal therapy in a patient with disseminated nonmeningeal coccidioidomycosis if there is minimal
or no evidence of clinical disease, if the CF titer is <1:2, and
if there is evidence of return of cellular immune response.
Such patients should be followed at 3-month intervals to
ensure that relapse does not occur.

Coccidioidal Meningitis
Intrathecal amphotericin B was the ﬁrst effective treatment
for coccidioidal meningitis [210]. Unfortunately, it was associated with numerous adverse reactions, including discomfort due to repeated injections, arachnoiditis, myelitis,
inadvertent brain stem puncture, and secondary bacterial
infection. In 1993, a noncomparative study of oral ﬂuconazole at 400 mg each day demonstrated a nearly 80%
response rate to therapy, including in subjects previously on
intrathecal amphotericin B [187]. In an earlier study, itraconazole also appeared to have efﬁcacy [188]. Currently, the
vast majority of patients receive oral azoles as their sole
treatment for this form of disseminated coccidioidomycosis.
Some clinicians will initiate therapy with doses higher than
400 mg daily and then reduce to this dose once the patient is
stable [150]. Current data suggest that the risk of relapse is
exceedingly high if azole therapy is discontinued in patients
with coccidioidal meningitis [211]. Therefore, therapy
should be life-long. If hydrocephalus occurs during treatment, a shunt is indicated, but no change in medication is
required [150]. Some clinicians feel that clinical cure may be
possible with the combination of intrathecal amphotericin B
and oral azole therapy [212]. A recent report describes a
novel approach to administering intrathecal amphotericin B
by using a subcutaneous programmable pump [213].

Prevention
Because coccidioidomycosis is usually acquired environmentally, there are no established methods to prevent infection within the endemic area. Measures that reduce dust have
been shown to be useful [36]. While it might be presumed
that new construction might lead to an increase in risk, this

has not been deﬁnitively proven [39]. Individuals who wish
to reduce their risk of becoming infected should avoid activities that cause them to be exposed to soil or dust in endemic
areas, since such activities have been shown to increase the
risk of infection [49, 50]. In addition, efforts at predicting
climatic conditions associated with the risk of symptomatic
illness [38, 39] might prove useful in the future.
As noted above, several subunit antigens have been identiﬁed that have been demonstrated to protect animals from
experimental coccidioidomycosis [102–105] and a live
vaccine has shown promise in a murine model [106]. In the
future, these efforts may lead to the development of a human
vaccine.
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Paracoccidioidomycosis
Angela Restrepo, Angel Gonzalez, and Carlos A. Agudelo

Paracoccidioidomycosis is an endemic fungal infection of
pulmonary origin that disseminates to different sites, notably
oral mucous membranes, adrenal glands, reticuloendothelial
system, and skin. The disease tends to run a chronic course
with acute cases being rare; outbreaks have not been reported.
Four clinical presentations are recognized: subclinical infection, progressive disease that can be either chronic (adulttype), or acute/subacute (juvenile-type), and the residual
form. This mycosis is restricted to Latin America, and has a
striking male predominance. The etiologic agent is a thermally dimorphic fungus, Paracoccidioides brasiliensis,
which at 35–37°C assumes a yeast form characterized by a
mother cell surrounded by multiple blastoconidia resembling
a pilot’s wheel. At lower temperatures the fungus grows as a
mould that gives rise to conidia. The organism’s microniche
in nature has not yet been precisely deﬁned. The disease can
be successfully treated, but ﬁbrotic sequelae are common.

Organism
Paracoccidioides brasiliensis is a thermally dimorphic fungus that in tissues and in cultures at 35–37°C grows as a
yeast, whereas at temperatures <28°C, it develops as a mould
[1, 2]. This morphogenetic process is reversible and implies
the capacity to adapt to changing environmental conditions:
the mould-to-yeast-form conversion occurs rapidly at the
time of infection allowing fungal survival and host invasion.
In the mould form the main cell wall component is a beta1,3-glucan, and in the yeast form this compound is replaced
by alpha-1,3-glucan [3]. This microorganism, recognized
only in its asexual (anamorph) state [2] is now classiﬁed by
molecular techniques in the phylum Ascomycota, order
Onygenales, family Onygenacea, and is close in the phylogenetic tree to Histoplasma capsulatum, Blastomyces dermatitidis,
A. Restrepo ( )
Medical and Experimental Mycology Unit, Corporacion para
Investigaciones Biologicas, Medellin, Colombia
e-mail: angelares@une.net.co

and Emmonsia parva, which have teleomorphs in the genus
Ajellomyces [3, 4]. At least three distinct phylogenetic species, or clades, are recognized within the genus (PS2, PS3,
and S1) [5]. In addition and based on high polygenetic diversity and exclusive morphogenetic characteristics, a different species, designated as P. lutzi, has been proposed [6]. The
BROAD Institute has now completed (2009, April 10) the
data base for the P. brasiliensis genome, and this can be
found at http://www.broad.mit.edu/annotation/genome/
paracoccidioides_brasiliensis/.
Yeast colonies appear within a week of incubation at
36–37°C; they are soft, wrinkled and tan to cream in color.
Microscopically, colonies reveal yeast cells varying in size
from 4 to 40 Pm with a predominance of round to oval structures. The most characteristic grouping is that of a mother
cell surrounded by multiple buds of equal or different sizes
resembling a pilot’s wheel; the buds may present a connecting bridge with the mother cell. Sometimes single cells, with
one bud or arranged in short chains can be observed; chalice-, balloon-shaped- or broken cells are not infrequent. The
yeast has a thick, refractile cell wall and contains prominent
intracytoplasmic lipid vacuoles. This is the form that is recognized in clinical samples and tissues (Figs. 1 and 2) [1, 2, 7].
At temperatures ranging from 19°C to 28°C, P. brasiliensis
grows as a mould; growth takes 15–30 days. It produces
white to tan, irregularly shaped colonies with short hairylooking mycelia; some isolates produce a brown pigment.
Microscopic preparations from the mould reveal only thin,
septated hyphae with sparse terminal and intercalary chlamydospores. The latter are considered resistant structures
and likely play a role in the mycelial to yeast transition by
becoming yeast cells under the inﬂuence of temperature [1, 2].
When grown under nutritional deprivation, certain isolates
produce conidia that can appear to be centrally bulging
arthroconidia or single-celled to pear-shaped microconidia,
all less than 5 Pm. Conidia respond to temperature changes,
transforming either into yeast cells at 36°C or producing
hyphae at 20–24°C [7, 8]. Furthermore, conidia are infectious
for mice and produce a chronic, disseminated process ending
in ﬁbrous changes of the lungs [9–11]. P. brasiliensis conidia
and yeast cells have been shown to produce melanin-like
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Fig. 1 Paracoccidioides brasiliensis yeast cells in an aspirate from a
lesion. Note round shape, thick refractile cell wall, intracytoplasmic
vacuoles, and differences in the size of the yeast cells (40×)

Fig. 2 Calcoﬂuor white preparation showing Paracoccidioides brasiliensis yeast cell from a culture grown at 36°C. Note large mother cell
with multiple buds attached (100×)

compounds, both in vitro and in vivo; melanin may play a
role in pathogenesis [12, 13]. Both the mycelial and the yeast
forms are aerobic and require ample oxygen supply for their
growth; however, in residual lesions, yeast cells tolerate oxygen restriction and can be cultured only under microaerobic
conditions [14].
Electron microscopy reveals a mycelial cell wall that has
two layers, the outermost made of beta-1,3-glucan ﬁbrils
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and the innermost, of rigid chitin ﬁbrils; externally, there is
accumulation of amorphous galactomannan. The cell wall
constituent polysaccharides protect the fungus against the
host’s defense mechanisms [15]. The septum comes from a
deep invagination of the internal layer and of the cytoplasmic membrane; growth toward the hyphal axis leaves a
pore associated with Woronin bodies [16]. In the yeast form
there is a thicker cell wall composed mainly of alpha-1,3glucan, which has as its outermost layer a surface of complex mucopolysaccharides [15, 16]. Differences in cell
wall glucose polymers in the two forms appear important
in host-parasite interactions because macrophages do not
have alpha glucanase and are unable to degrade the yeast
cells [15].
P. brasiliensis isolates are not equally virulent, as shown
by random ampliﬁed polymorphic DNA (RAPD) analysis
that has demonstrated two different patterns, with some
strains eliciting a localized infection and others giving rise to
disseminated disease [17]. Thirty putative virulence genes
have been categorized and related to genes encoding proteins
connected with metabolism, cell wall structure, detoxiﬁcation, and secretion of certain factors [18]. As an example,
P. brasiliensis avoids toxic substances produced by macrophages by displaying antioxidant enzymes. Gene expression differs when yeast cells are in contact with human blood
or have been rescued from infected mice [19–21].
The host’s hormones inﬂuence P. brasiliensis mycelial to
yeast transition. The original studies, which arose in response
to the observed predominance of male over female patients
(ratio 14:1), [7] revealed that in vitro P. brasiliensis secretes
an estradiol-binding protein that attaches to the female hormone regulating protein expression. Estradiol hinders the
mycelial to yeast transition [22]. Male and female mice
infected with conidia behave differently. In normal male
mice, conidia transformed promptly into yeast cells that
multiplied readily, resulting in progressive infection. In normal female mice such transition was halted, fungal proliferation was inhibited, and the infection was controlled.
These results support a role for 17 beta-estradiol in the
innate resistance of females to paracoccidioidomycosis.
This is in addition to the capacity of the hormone to modulate cytokine production, thus improving the immune
response [23, 24]. P. brasiliensis isolates from diverse geographic regions studied by RAPD and restriction fragment
length polymorphism (RFLP) methods allowed construction of a dendrogram that showed a high degree of similarity
among strains with genetic differences expressed in clusters
related to geographic origin. Five different groups were
sorted, each of which was geographically distinct and corresponded to present country borders. The results support
the concept that P. brasiliensis infections are acquired from
exogenous sources and that this fungus occupies special
niches within the natural environment [25].

Paracoccidioidomycosis

Epidemiology
Geographic Distribution
Paracoccidioidomycosis is limited to Latin America, where it
is regularly reported from Mexico (23°N) to Argentina (34°S),
albeit not with the same frequency. Over 80% of all reports are
from Brazil, followed by Venezuela, Colombia, Ecuador, and
Argentina [1, 7, 26–28]. No cases have been reported in Chile,
Surinam, Nicaragua, or Belize. With the exception of one case
each in Trinidad, Granada, and Guadaloupe, the Caribbean
Islands appear free of this mycosis [7, 27]. Cases are seen
mostly in regions with signiﬁcant rainfall, abundant forests,
waterways, and temperature variation limited to 17–24°C [28].
In a large series of Colombian cases, several independent ecologic variables were found: altitude from 1,000 to 1,499 m
above sea level, yearly rainfall from 2,000 to 2,999 mm, presence of humid forests, and coffee/tobacco crops [29].
Over 70 paracoccidioidomycosis cases have been published from countries outside of the recognized endemic
areas; these are mostly from Europe, Japan, and the United
States [7, 28, 30–33]. These patients had all lived or visited
the Latin American endemic regions prior to the appearance
of clinical manifestations. Those reports with sufﬁcient data
indicated that in 75% of cases, the disease was diagnosed an
average of 14 years (range 4 months–60 years) after departure from the endemic zone [7, 28, 30–33].

Ecology
The precise microniche of P. brasiliensis has not been ascertained, and its isolation from nature has only been reported on
six occasions [34]. Puzzling reports indicate isolation from bat
guano and penguin feces [34]. The recognition of the particular
site where the fungus has its habitat has been hindered by the
long latency period, as well as by lack of epidemic outbreaks
and scarcity of published reports on acute cases [1, 7, 28].
Search for the habitat of P. brasiliensis has been intense
but unrewarding. It has been noticed that human-made
changes in endemic areas are a constant feature [28]. Studies
from Brazil have shown increased infection in children who
live in areas in which intense human colonization resulted in
gradual destruction of the originally abundant native forests
[35–37]. Paracoccidoidin skin testing reagents, although not
standardized, have been used to determine the incidence of
infection with P. brasiliensis [38–40]. In Rio de Janeiro,
Brazil, 34% of children who were tested reacted to paracoccidioidin, and 74% of them lived in the foothills around a
particular sierra [36]. Other studies have shown that living in
the vicinity of certain water sources, contact with armadillos,
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and work in orchards are associated with increased skin
reactivity [37].
In the Amazon River basin, positive paracoccidioidin skin
test reactions were signiﬁcantly higher (43.3%) in a particular tribe that had adopted a novel agricultural practice of planting coffee, which required the felling of trees in the forest.
This activity presumably increased the likelihood of exposure
to P. brasiliensis [38]. Similar testing in residents of the
Corrientes province, Argentina, where paracoccidioidomycosis had never been diagnosed, revealed 11.4% positive
reactions. This province is close to the Brazilian Paraná River
dam, where construction of a hydroelectric plant brought
about great ecologic change [39]. The use of a more reﬁned
P. brasiliensis antigen (gp43) was studied in a cross-sectional
study of asymptomatic school children in the Brazilian
Amazon region. Reactivity to gp43 antigen was only 4.6%,
suggesting that this antigen might provide a better estimate
of exposure to P. brasiliensis than paracoccidioidin, which is
known to cross-react with histoplasmin [40].
Simoes et al. [41] explored climatic inﬂuences on paracoccidioidomycosis by establishing ecologic correlates
related to distribution of this infection in a hyperendemic
area in southeastern Brazil. It was found that certain types of
soils plus high annual precipitation rates (1,500 and
1,600 mm) were signiﬁcantly associated with prevalence
density. Barroso et al. further [42] analyzed the records of 91
acute/subacute patients in whom infection was calculated to
have occurred 1–2 years previously, and found that absolute
air humidity, soil water storage, and the Southern Oscillation
Index enhanced human infection [42].
The existence of naturally infected animals had not been
proven until l986, when researchers working in the Brazilian
jungles of Pará isolated P. brasiliensis from the organs of
several nine-banded armadillos, Dasypus novemcinctus [43].
Presently, the existence of naturally occurring P. brasiliensis
infections in armadillos (D. novemcinctus, Cabassous centralis) is widely accepted [43, 44]. P. brasiliensis–infected
armadillos are preferentially found in humid and shady disturbed forests [45] Attempts to isolate P. brasiliensis from
armadillo burrows and foraging places have failed, and
the natural habitat remains undiscovered [28, 44, 45].
Paracoccidioidomycosis has also been diagnosed in a dog
and various monkeys [46, 47]. Using molecular methods, the
fungus has been detected in several road-killed wild animals
[48]. These ﬁndings point toward a much broader range of
infected hosts than previously considered.

Demographics
Paracoccidioidomycosis is infrequent in children, who
comprise only 5–10% of all cases; adolescents and young
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adults represent 15–20% of cases. Overall, 60–70% of patients
are over age 30 [1, 7, 26, 27, 35, 36]. Patients coinfected with
HIV and paracoccidioidomycosis are reported to be younger
than non-HIV-infected patients. [49]. One of the most peculiar
aspects of paracoccidioidomycosis is its distribution by gender.
Although the average male-to-female ratio in Brazil is l4:1, in
Argentina, Colombia, and Venezuela this ratio can be as high
as 70:1 [1, 7, 26, 50–54]. Interstingly in children gender differences in prevalence are not seen [1, 7, 26, 35, 36, 51].
There are no apparent effects of race on the distribution of
paracoccidioidomycosis. According to a recent study, HLA
antigens may inﬂuence the outcome of the host-parasite
interaction by regulating the immune response to P. brasiliensis antigens [55]. Inadequate nutrition, smoking, and alcoholism are considered to be important predisposing conditions
[1, 56, 57]. Approximately 70% of patients have or have had
jobs centered in agriculture. In Uruguay, the disease is recognized as an occupational hazard, as most cases are reported
in lumberjacks [1, 7, 26, 50–54]. Immigrants into endemic
areas usually develop severe disease, indicative of their lack
of immunity to P. brasiliensis [1].
Coutinho et al. [58] noted an annual incidence rate of
1–3 per 100,000 inhabitants and, based on 3,181 deaths, estimated a mean annual mortality rate of 1.45 per million inhabitants with a nonhomogenous spatial distribution among
regions and States of Brazil. The majority of deaths, 85%,
occurred in men in the older age groups. In Paraná State,
Brazil, the average annual mortality rate was 3.48 per million
inhabitants, which represented not only the ﬁfth leading cause
of death among chronic infectious diseases, but also the highest mortality rate among the systemic mycoses [59]. Santos
reviewed 1,950 death certiﬁcates from patients in whom
paracoccidioidomycosis was listed as a diagnosis. The main
causes of death associated with this mycosis were pulmonary
ﬁbrosis, chronic lower respiratory tract diseases, and pneumonias with the largest number of deaths occurring in men in
the older age groups and among rural workers [60].

Pathogenesis
In animal models of paracoccidioidomycosis, after the ﬁrst
4 days, an inﬂammatory inﬁltrate composed mainly of neutrophils and macrophages becomes apparent [10, 61, 62].
These cells gradually begin to transform into epithelioid
cells, and a week after challenge, granuloma formation is
observed [9, 10]. Epithelioid cells and giant cells surround
P. brasiliensis with limited phagocytosis taking place; granulomas increase in size and tend to coalesce. The epithelioid
granuloma is the histologic hallmark of paracoccidioidomycosis [10, 63, 64]. Initially, granulomas are compact and contain only a few yeast cells. However, with progression of the
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infection, they become loose and the yeast cells begin to
multiply. At this time, immunosuppression can be demonstrated in the animals [9, 63, 64].
It has been postulated that once the infective conidia reach
the lung, their ﬁrst interaction occurs with the extracellular
matrix proteins and the lung epithelial cells. P. brasiliensis
exhibits on its surface adhesin-type molecules that allow its
binding to several extracellular matrix proteins and adherence
to epithelial cells that have similar proteins on their surface.
[65–67]. The conidia also interact with alveolar macrophages,
initiating the inﬂammatory process through production of
proinﬂammatory cytokines and chemokines that induce expression of adhesion molecules on leukocytes surface [61, 62].
In patients with paracoccidioidomycosis, bronchoalveolar
lavage shows a predominance of neutrophils and macrophages;
furthermore, the alveolar macrophages express both adhesion
and costimulatory molecules, indicating that they had differentiated into activated macrophages in the lungs [68].
The initial infection in the alveoli can be exudative or
granulomatous [9, 61]. In humans, observations reveal acute
alveolitis, proliferation of reticulin ﬁbers, and interstitial and
peribronchial granulomatous inﬂammation surrounded by
marked ﬁbrosis [69, 70]. Fibrosis is prominent in the perihilar region, the main bronchi and their branches, and the large
pulmonary vessels [69]. Human autopsies and experimental
animal studies have revealed that ﬁbrosis is the result of an
active, progressive pulmonary infection characterized by
strong inﬂammatory responses centered on the granuloma.
Collagen I and reticulin-type ﬁbers were visible and contributed to consolidation and ﬁbrosis that interferes with proper
gaseous exchange [10, 11, 69, 70]. In mice infected with
P. brasiliensis, destruction of the lung’s elastic system ﬁbers
takes place and this alteration leads to changes in the lung’ s
mechanical properties [71].
In lymph nodes, granulomas are initially formed in the
cortex, but with time the inﬂammatory response encompasses the whole structure and ﬁstula formation results.
Involvement of the capsule facilitates coalescence of neighboring nodes with formation of large tumor-like masses. In
the adrenal glands, lesions may be restricted or extensive;
granulomas, necrosis, and ﬁbrosis cause marked enlargement and damage to the glands. The mucosal and skin lesions
reveal epithelioid granulomas and intraepithelial abscesses;
in the skin, pseudoepitheliomatous hyperplasia is common.
In ulcerated skin lesions or ruptured lymph nodes, granulomas are associated with a mixed pyogenic inﬁltration and
central necrosis with caseation [69, 70, 72].
Two forms of active disease have been described: the
acute/subacute form (juvenile type) and the chronic adulttype disease. The former is characterized by predominant
dissemination to the reticuloendothelial system. Cellmediated immune depression is a regular feature. As implied
by its name, the chronic form has a prolonged course – months
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Paracoccidioidomycosis
Table 1 Paracoccidioidomycosis: characteristics of the clinical forms
Clinical forms
Deﬁnition
Special aspects

Host immune status

Immune response

Infection

No clinical manifestations

Deﬁned by positive skin test

Normal

Disease divided into
two broad
categories
1. Regressive
(residual)

Presence of signs and
symptoms

Male:female ratio 14:1

Variable

Average positive skin
reactions: 12–20%
Imbalance of the two arms
of the immune response

Mild pulmonary symptoms
not requiring medical
intervention

Unnoticed but shown at
autopsy in persons not
known to have had
disease
Age and immune status
inﬂuence clinical aspects

Normal and active

Host able to contain fungal
infection

Abnormal

Humoral response intense;
cellular immunity depressed

Common in children,
adolescents, and young
adults; HIV + patients
Lungs often involved, but
respiratory symptoms
may be minimal

Signiﬁcant immunodepression

High titers anti-idiotypic
antibodies; abnormal CD4
cell response
Immune response varies from
patient to patient

2. Progressive

2a. Acute/subacute
juvenile form
2b. Chronic adult
form

Disseminated disease
involving several
organs/systems
Signiﬁcant involvement
of reticuloendothelial
system
Systemic disease with
pulmonary and
extra-pulmonary
manifestations

to years – and is manifested by lung damage, as well as by
extrapulmonary manifestations. Cellular immune responses
are variable [7, 72–74]. A residual form also exists and represents the sequelae from formerly active lesions [69, 71,
72] (Table 1). In paracoccidioidomycosis the host’s immune
response deﬁnes, to a great extent, the outcome of the infectious process with humoral and cellular immune responses
playing prominent roles.

Humoral Response
Paracoccidioidomycosis is characterized by polyclonal activation of B cells, resulting in hypergammaglobulinemia [75].
Almost all patients produce speciﬁc antibodies against P.
brasiliensis with high levels of speciﬁc IgA and IgG isotypes,
as well as IgE antibodies [76–78]. Interestingly, the IgG2 isotype and IgA are found in patients presenting with chronic
infection, while the IgG4 isotype and IgE are present in
patients with the acute/subacute form [76, 77]. Anti-idiotypic
antibodies are detected in a large proportion of patients with
the acute/subacute form, but not in patients with the chronic
form; thus, these antibodies may play a part in the modulation
of the immune response [78]. In high and low antibody
responder mice infected with P. brasiliensis, the highest mortality rates and the most extensive dissemination were found
in the low responder group [79]. Additionally, mice develop
speciﬁc antibody recognition patterns during infection, which
suggests their active interaction during progressive infection
[80]. Circulating immune complexes have been detected in
patients with depressed T cell responses and are suspected to
participate in cell-mediated immune depression [81].

Normal to depressed

Cell-Mediated Response
As in other infections caused by intracellular pathogens, the
cellular immune response is crucial to control of P. brasiliensis
infection. However, in paracoccidioidomycosis a dichotomy
exists between humoral and cellular antigen-speciﬁc
responses, manifested by high levels of antibodies and T-cell
hypoproliferation [82], suggesting that a Th2 immunologic
pattern plays a role in the patient’s inability to control the
infection [83]. Patients with the acute/subacute progressive
form are incapable of responding to mitogens and/or skin
tests [84–87]. A correlation between high antibody titers,
lack of T cell lymphocyte responsiveness, and severity of
disease has become apparent [83, 85, 87, 88]. Adult patients
with progressive but less severe disease have low or undetectable anti-P. brasiliensis antibody titers and normal or
slightly depressed cell-mediated immune responses [88].
This pattern is reversed in patients with more advanced, progressive disease in whom high antibody levels and important
depression of cell mediated immune functions are recorded
[86, 87].
Cytokines play an important role by modulating the
immune response against P. brasiliensis infection [89, 90].
Increased production of Th-2 cytokines (IL-10, IL-4, and
IL-5) occurs in severely ill patients, whereas Th-1 cytokines,
especially IFN-J and IL-2, decrease signiﬁcantly [84, 86,
91]. Moreover, expression of mRNAs corresponding to Th-2
cytokines (IL-4, IL-10, IL-5, and TGF-E) was higher in
patients with either the acute or chronic form than in asymptomatic infected individuals [92]. Additionally, serum levels
of IL-18 and soluble tumor necrosis factor receptor-2 (TNFRII) were signiﬁcantly higher in patients with the acute form
than in those with the chronic form, suggesting that determi-
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components. A tridimensional network of collagen, ﬁbronectin,
laminin, and proteoglycans, all of which surround fungal
cells in active multiplication, is formed [71]. The ability of
P. brasiliensis to bind to these molecules involves the activation
of growth factors and cytokine production, thus reﬂecting the
complexity of the host-parasite interactions [10, 65, 66, 71].

Clinical Manifestations

Fig. 3 Macrophage interaction with Paracoccidioides brasiliensis.
Ingestion of a yeast cell with multiple buds by a pseudopod of the macrophage (100×)

nation of these molecules could represent a parameter for
determining paracoccidioidomycosis severity [93].
The loss of immune balance observed in patients with the
acute/subacute form of disease could also be inﬂuenced by
P. brasiliensis’ accelerated growth rate in tissues, as the
resulting heavy fungal load may downregulate the Th-1
responses and favor Th-2 cytokine expression [88]. In support of the above, antifungal therapy that reduces fungal load
is accompanied by restoration of the patient’s immune capacity, including delayed hypersensitivity, lymphocyte proliferative responses, and production of Th-1 cytokines, especially
INF-J [87, 91].
The macrophage is the most important effector cell, but
only if activated by interferon-J or TNF-D; if not activated,
they facilitate fungal multiplication (Fig. 3). Once activated,
peritoneal murine macrophages inhibit the conidia to yeast
transition resulting in destruction of conidia; they also are fungicidal to the yeast form [94, 95]. Killing is dependent on both
reactive oxygen intermediates and reactive nitrogen intermediates, especially H2O2 and nitric oxide, respectively [94, 95].
Human monocytes activated with TNF-D are able to kill P.
brasiliensis yeast cells through a reactive oxygen-dependent
mechanism that uses H2O2 (118) [96].
Neutrophils also are important in the host-parasite interaction, especially during the initial stages of infection.
Neutrophils are the ﬁrst and most prominent cells in the
inﬂammatory inﬁltrate and participate actively in phagocytosis of the infecting propagules [10, 62]. Similar to what was
observed with human monocytes, human PMNs activated
with several different cytokines exert antifungal mechanisms
against P. brasiliensis, and such mechanisms depend, at least
in part, on oxidative metabolism [97–100].
Development of ﬁbrosis is an important facet of the hostparasite interaction. It appears to be mediated by fungal
adherence to and increased production of extracellular matrix

Paracoccidioidomycosis presents a wide range of clinical
manifestations grouped according to the organs involved
and the duration of the disease (Table 1 and Fig. 4) [72, 73,
101–104]. Inhalation of the conidia results in an asymptomatic primary infection that may give rise to several different
forms of disease, depending on the age and immune status of
the host and on the size of the infectious inoculum. Individuals
who have an adequate cellular immune response usually
overcome fungal invasion, the organism remains quiescent,
and a latent infection is established, which can be detected
by a reactive paracoccidioidin skin test. When an immunocompetent person is exposed to a large fungal inoculum, a
subacute respiratory syndrome can occur that resolves spontaneously, leaving a residual lung lesion. The latter situation
represents the so-called regressive form of paracoccidioidomycosis [104–108].
If progression from the original infectious focus takes
place or if a latent infection becomes active years later, then
the patient develops signs and symptoms of paracoccidioidomycosis that may manifest as two different forms. The
acute/subacute progressive form is characterized by extensive
involvement of the reticuloendothelial system and is seen
mainly in undernourished children, adults less than 30 years
of age, and immunosuppressed individuals, such as those who
have HIV infection. The chronic progressive adult form of
paracoccidioidomycosis is found in older patients, who often
smoke and use alcohol and who usually exhibit extrapulmonary lesions and progressive lung damage [104–107].
A residual form is also recognized and represents the
sequelae of prior infection. This form often follows the
chronic progressive adult form of paracoccidioidomycosis.
Patients presenting for medical care may already manifest
this form of disease [1, 70, 72, 73, 101–107].

Initial (Latent or Regressive) Infection
For many patients, infection with P. brasiliensis causes no
symptoms. The host is able to control the infection by producing granulomas around the fungal cells, some of which
likely retain their viability [1, 70]. A reactive paracoccidioidin
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Fig. 4 Paracoccidioidomycosis: a model of pathogenesis and clinical manifestations

skin test can detect those who have been infected and has
shown that up to 50% of the population in some endemic
areas, such as Brazil, have been infected with P. brasiliensis
some time in their life [13, 102, 108]. Some patients develop
minor pulmonary symptoms that cannot be differentiated
from those produced by other causes of pneumonia. The
clinical manifestations often resolve spontaneously without
medical intervention, but the persistence of viable P. brasiliensis yeast cells in infected foci may later allow endogenous
reactivation of the disease, usually in connection with a
depression of the host’s cellular immunity [104].

Progressive Infection
This is a manifestation of the host’s inability to control fungal invasion; it results in subsequent progression of lung
lesions and extension of the infection to extrapulmonary
organs. Progressive forms run a different course depending
on the age of the patient and their immune response.
Aggressive manifestations are observed in the acute/subacute juvenile form, and a more torpid progression occurs in
patients with the chronic adult form, in whom lesions lead to
residual scarring.

Acute/Subacute or Juvenile Form
This form is usually diagnosed in children and young adults
who are not over 30 years of age, and also in patients with
altered cellular immune responses. This form is characterized by predominant involvement of the reticuloendothelial
system. The mean duration of symptoms at consultation is
60 days. Lymph nodes, especially those in the supraclavicular and axillary regions, are frequently involved; infected
mesenteric lymph nodes can coalesce and present as an intraabdominal mass. In other cases, lymph node involvement
may go unnoticed and is detected incidentally by imaging
studies [26, 51, 102, 106, 109–111].
In about half of the patients with this form, the liver and
spleen are also involved, and liver function becomes abnormal [50, 106, 107, 109, 110]. Bone marrow invasion is almost
exclusively noted in this clinical form; granulomas, ﬁbrosis,
and necrosis are seen [112, 113]. Skin lesions are also regularly observed in this form, and they are preferentially localized to the face, the perioral regions, the neck, and the trunk,
although they may also appear on the extremities and male
genitalia. The skin lesions can be ulcerated, ulcerovegetative, or nodular; in extensively disseminated cases, skin
lesions may appear as papules or as an acneiform rash
[52, 114].
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In most cases, P. brasiliensis reaches the skin by
hematogenous dissemination from the initial lung lesion, but
in some patients, the skin can become involved by contiguous
spread from a mucosal lesion or following rupture of an
infected lymph node [50, 52–54, 69, 70, 72, 105, 114, 115].
Other organs that can be affected, albeit with lesser frequency, are stomach and small bowel, in which ulcerated
mucosal lesions are found teeming with fungal organisms
[116–118].
In children, paracoccidioidomycosis is characterized by
fever, anemia, constitutional symptoms, lymph node hypertrophy, and hepatosplenomegaly. Bone and joint involvement
is observed in about half of the patients. These lesions tend
to be preferentially located in the upper limbs and rib cage,
and the manifestations include pain and other inﬂammatory
signs in the adjacent tissues [35, 51, 119]. In patients less
than 30 years of age, paracoccidioidomycosis frequently
involves the skin but does not involve the adrenal glands, in
contrast with observations in older individuals with the
chronic form of paracoccidiodomycosis [26, 51, 120].
Paracoccidioidomycosis patients coinfected by HIV tend
to exhibit the acute/subacute form, with rapid progression of
disease with fever, diffuse lymphadenopathy, hepatosplenomegaly, and disseminated skin lesions. Pulmonary symptoms
are common even if the chest radiographs are normal;
mucosal lesions associated with dysphonia have been seen,
but are not common [49, 121].
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sounds. Chest radiographs show bilateral alveolar and interstitial inﬁltrates that are preferentially located in the lower
and central lobes with sparing of the apices (Figs. 5 and 6).
Over time, the inﬁltrates acquire a nodular or ﬁbronodular

Fig. 5 Chest radiograph of a patient with the adult form of paracoccidioidomycosis. Note bilateral inﬁltrates in central and lower lobes
with sparing of the apices and bullae at the lung bases

Chronic Adult Form
This form of paracoccidioidomycosis has a prolonged course
that lasts from months to years and is diagnosed mainly in
patients aged 30–50 years of age. It is characterized by signiﬁcant lung damage as well as extrapulmonary manifestations [122]. In this group of patients, the cellular immune
response is variable.
Despite the fact that the lungs are the organs most frequently affected, respiratory symptoms are rather minimal;
when present, they tend to be attributed to smoking, a habit
common among the populations prone to paracoccidioidomycosis. Physical examination reveals few abnormalities, even
in patients with extensive radiographic ﬁndings. The scarcity
of respiratory symptoms explains why patients seek medical
consultation based mainly on extrapulmonary manifestations, such as the presence of mucosal and skin lesions [26, 102,
107, 123–129].
As a rule, respiratory symptoms become apparent only
after several years, and productive cough is seen in about
half of the patients. Hemoptysis is recorded for about 10%
of cases, and chest pain is unusual. Dyspnea is a frequent
complaint and worsens as the disease progresses.
Auscultation reveals rales, rhonchi, and diminished breath

Fig. 6 Chest radiograph from a patient with more severe pulmonary
involvement with paracoccidioidomycosis showing extensive inﬁltrates
coalescing into nodules and sparing of the upper lobes

Paracoccidioidomycosis

Fig. 7 CT scan showing bilateral alveolar and interstitial inﬁltrates,
cavities, and ﬁbrosis. Note predominance of lesions in the posterior
aspects of the lower lobes

pattern and persist despite adequate antifungal treatment.
Lung ﬁbrosis is a prominent complication seen in 60% of
patients and is accompanied by emphysematous changes,
bullae, and cavities [73, 123, 126–128, 130–132]. Chest CT
scans show preferential involvement of the lung periphery
and posterior aspects; ground-glass changes, small centrilobular nodules, and large cavitating lesions can be seen.
Septal bands with emphysematous areas and condensation
zones leading to distortion of the pulmonary architecture
may also be observed (Fig. 7). Enlarged hilar and mediastinal lymph nodes are seen, but calciﬁcation is rare [128, 131,
133]. Alterations of lung function are frequently noted and
show mostly an obstructive pattern [126, 134, 135].
In half of the cases, oral mucosal lesions can be observed;
the preferred sites are the gums and the hard palate, followed
by oropharynx and larynx. Less frequently, the nasal and
anal mucosa may present lesions. Lesions may be single or
multiple; they are progressive and destructive and thus give
rise to bleeding and pain. The mucosal lesions often present
as tumor-like outgrowths covered by hemorrhagic dots (socalled mulberry-like stomatitis) and become ulcerated with
surrounding edema (Fig. 8). Dysphonia, dysphagia, and sialorrhea are an aftermath of the above lesions, and gum lesions
result in tooth loosening. Nearby lymph nodes are often
enlarged and may spontaneously rupture, resulting in ﬁstula
formation (Fig. 9) Although patients with oral lesions tend to
disregard the presence of respiratory symptoms, cultures and
lung imaging reveal pulmonary involvement in most cases
[1, 52–54, 73, 105, 107, 136–139].
In the chronic form, skin involvement occurs commonly,
but in a smaller proportion (23%) than in patients with the
acute/subacute form [73, 124, 130]. Lesions are polymorphic, extremely diverse, and may be single or multiple. They
are found more frequently on the face, especially in the perioral region, but may also appear on the neck, trunk, extremities, and the male genitalia. Typically, the lesions are
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Fig. 8 Mucous membrane lesion showing multiple inﬁltrative lesions
of the palate with hemorrhagic dots, so-called mulberry-like stomatitis

Fig. 9 Enlarged cervical lymph nodes in a patient with the juvenile
form of paracoccidioidomycosis

ulcerative, but ulcerovegetative and nodular forms are also
seen. Edema of the lips is frequent. In rare disseminated
cases, multiple papulo-acneiform lesions may appear [50, 53,
54, 70, 72, 105, 114, 115]. Lung involvement is seen in about
90% of patients with skin lesions [138]. Recent studies have
found a signiﬁcant correlation with the simultaneous presence of skin lesions, dyspnea, and ﬁbrotic sequelae that suggest a process of long duration. In contrast, those patients in
whom mucosal lesions, lung inﬁltrates, and odynophagia/
dysphagia coincided had a shorter disease course [139].
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In adult patients, dissemination to the adrenal glands occurs
commonly; nonetheless, the prevalence of such involvement
varies according to the deﬁnition employed. For instance,
90% of autopsy cases have revealed direct fungal damage to
the adrenals. However, adrenal insufﬁciency appears in only
48% of patients tested by adrenal stimulation tests. Adrenal
function may normalize after completion of antifungal treatment, but some patients have complete destruction of the
adrenal glands and require life-long hormonal supplementation
[53, 140–143].
Central nervous system (CNS) involvement is observed in
approximately 15% of the patients; the highest ﬁgures are
reported for patients older than 30 years. CNS symptoms are
the ﬁrst manifestation of paracoccidioidomycosis in 20% of
cases. P. brasiliensis invasion results in granulomatous
lesions of the parenchyma, preferentially located in the cerebral hemispheres, although other localities, including the
spinal cord, may be involved. In 17% of CNS cases, meningeal involvement can be demonstrated. The most frequently
observed symptoms and signs of CNS involvement are convulsions, paresis, cerebellar signs, cephalalgia, and hydrocephalus. The spinal ﬂuid may show increased protein values
and a slight increase in leukocytes, represented by lymphocytes and mononuclear cells; the glucose usually is within
normal limits. CT scans show single or multiple irregular
hypodense lesions with ring enhancement and surrounding
edema. The diagnosis is difﬁcult, but is aided by epidemiologic data, typical lesions in other organs, and by ﬁndings on
chest CT scan [144–147].
Genital involvement has been reported in patients older
than 30 years and especially in males, in whom epididymitis,
scrotal inﬂammation, penile ulceration, and prostatitis can
occur [148].
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secondary to scarring do not produce functional alterations
and the patient remains asymptomatic. However, other
patients progress to the point of requiring tracheostomy due
to extensive ﬁbrous alterations of the larynx or trachea [149].

Association with Other Diseases
Paracoccidioidomycosis is known to occur simultaneously
with other infections, especially with tuberculosis and HIV
infection. The dual tuberculosis-paracoccidioidomycosis coinfection is of great importance on epidemiologic grounds, as
well as in reference to clinical management, immune response,
and treatment. This coinfection, which occurs in 5–10% of
cases, is usually not diagnosed, and quite often only antituberculous treatment is prescribed, leaving the mycosis to progress.
Even more important is the fact that paracoccidioidomycosis is
often confused with tuberculosis and treated as if it were tuberculosis, even in the absence of microbiologic conﬁrmation of
this diagnosis. It is only when antituberculous treatment seems
to be failing that other etiologies, including paracoccidioidomycosis, are considered. The preferred antifungal agent, itraconazole, is subject to induction of its metabolism by rifampin.
When both medications are prescribed simultaneously, the
itraconazole blood levels are strikingly decreased, hindering
the antifungal activity [50, 115, 150, 151].
The association of paracoccidioidomycosis with neoplasia is controversial. It appears that up to 12% of patients with
paracoccidioidomycosis may concomitantly present with cancer,
usually involving organs previously invaded by P. brasiliensis.
In the chronic adult form, solid tumors predominate over
hematologic malignancies, while in the acute/subacute form
the opposite occurs [50, 115, 152].

Sequelae (Residual Form)
Differential Diagnosis
Pulmonary ﬁbrosis occurs as a result of the host’s response
to the microorganism; granulomas and ﬁbrosis develop
around the bronchi, connecting them through ﬁbrous septae
to other bronchiolar structures and blood vessels. Residual
lesions do not respond to antifungal treatment, partly because
in a large proportion of the cases, they were already well
formed when the diagnosis was established. The functional
restriction imposed by ﬁbrosis advances and evolves toward
cor pulmonale, progressive lung incapacity, and ﬁnally death
[1, 10, 70, 73, 123, 127, 132, 134, 135].
Residual damage resulting from the scarring of previous
mucosal lesions located in the oral mucosa, the oropharynx,
the nose, the larynx, and the trachea is manifested by microstomy, palate perforation, dysphonia, and loosening of the
dental structures. In some cases, the anatomic deformities

The differential diagnosis depends on the clinical form and
the various organs involved. In the acute/subacute form,
progressive disseminated tuberculosis, lymphoma, and
disseminated histoplasmosis must be differentiated from
paracoccidioidomycosis. When intestinal involvement is
present, paracoccidioidomycosis can be confused with
carcinoma or tuberculosis. Osteoarticular lesions may resemble tumors, and mucosal involvement may resemble carcinoma of the larynx or oropharynx. Skin lesions mimic
histoplasmosis, sporotrichosis, leishmaniasis, and leprosy.
Pulmonary manifestations in the chronic form are similar to
those of tuberculosis or cancer. CNS involvement by P.
brasiliensis must be differentiated from primary or metastatic
brain tumors [49, 50, 53, 54, 73, 107, 118, 152].

377

Paracoccidioidomycosis

Diagnosis
Direct Examination and Histopathology
In clinical specimens P. brasiliensis appears as an oval to round
yeast cell, often displaying multiple peripheral buds in a pilot
wheel conﬁguration. The cells possess a thick refractile wall
(0.2–1 Pm) and intracytoplasmic vacuoles (Fig. 10). Yeast cells
can appear in chains and have single buds, and bizarre yeast
forms also can be observed [1–3, 74]. Several procedures are
adequate to visualize fungal elements, including fresh or KOH
wet preparations, calcoﬂuor stains, and immunoﬂuorescence
methods [1, 2, 74]. Sensitivity of the direct examinations varies
from 85% to 100% depending on the specimen, the clinical
manifestations, and treatment status [7, 25, 31].
Histopathologic preparations stained with hematoxylin and
eosin, Gomori methenamine-silver, Papanicolaou, or periodic
acid–Schiff stains, as well as direct immunoﬂuorescence
stains, reveal the multiple budding yeast elements, especially
within granulomatous foci (Fig. 11). When short chains and
cells with single buds are seen, P. brasiliensis must be differentiated from Cryptococcus neoformans, B. dermatitidis, and
H. capsulatum [1, 2, 69].

the media has improved recovery rates to about 80% [1, 7, 25].
The use of digestion and concentration procedures for mucus
specimens is recommended. Modiﬁed Sabouraud’s agar
(Mycocel agar) and yeast extract agars incubated at room temperature (19–24°C) are the best media for isolation, but in specimens from sterile body sites, media without antibiotics
incubated at 36°C can be used [1, 7]. At 18–24°C, growth is
slow and takes 20–30 days. Microscopically, the mould shows
only thin septate hyphae (3–4 Pm in diameter) and intercalary
chlamydospores (15–30 Pm). On media with no carbohydrates
and after prolonged incubation for 2 months, the mould may
begin to produce conidia. The mycelial form is not distinctive;
consequently, dimorphism must be demonstrated by subculturing at 36°C. At this temperature, P. brasiliensis grows in
8–10 days as a cream-colored colony with brain-like furrows.
Microscopically, oval to spherical yeast cells, 4–40 Pm in diameter can be observed. The large mother yeast cell bearing multiple buds (pilot’s wheel) is characteristic (see Fig. 2) [1, 7].

Serology

Isolation of P. brasiliensis from clinical specimens requires a
battery of selective and nonselective culture media, including
Sabouraud plus asparagine and thiamine, Mycocel, and BHI
plus glucose. Repeated samples should be submitted for culture. The addition of antibacterial drugs and mould inhibitors to

Various highly sensitive serologic tests have been developed
to measure antibodies. The frequency of positive tests varies
from 70% to 95%, depending on the test used and the severity
of the disease process [1, 7, 153–156]. The importance of
immunodiffusion (ID), complement ﬁxation (CF), counterimmunoelectrophoresis (CIE), indirect immunoﬂuorescence
(IFA), and enzyme-linked immunosorbent assay (ELISA)
techniques for antibody detection in the diagnosis and follow-up of patients with paracoccidioidomycosis has been
demonstrated [7, 154–157]. The most sensitive, but not
always the most speciﬁc, tests include ELISA and, more

Fig. 10 Lactophenol cotton blue preparation showing a yeast cell of
Paracoccidioides brasiliensis with multiple attached buds, so-called
pilot’s wheel conﬁguration (Luctophenol cotton blue, 100×)

Fig. 11 Biopsy specimen showing Paracoccidioides brasiliensis yeast
cells with multiple attached small buds (H & E plus methenamine silver
stain, 40×)

Culture
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recently, loop-mediated isothermal ampliﬁcation (LAMP)
methods [158].
In general, patients with severe forms of the disease, such
as the acute juvenile and chronic adult forms, show signiﬁcantly higher antibody levels than patients with less extensive disease [1, 7, 154–156]. Speciﬁcity of all tests is an issue
because of cross-reactivity with other endemic mycoses
[7, 154, 156]. For diagnosis, antibody detection by ID is the
simplest of the tests and is highly sensitive and speciﬁc [7,
154, 156]. Antibodies may still be demonstrated after the
ﬁrst year of follow-up, even with successful therapy; consequently, quantitative techniques, rather than ID, are better to
show changes in titers over time [7, 25, 154–156].
Antigens prepared from P. brasiliensis vary greatly in
quality, depending on the strain used and the culture medium
on which they have been grown. Efforts have been made to
prepare puriﬁed exo-antigens or recombinant P. brasiliensis
proteins capable of detecting speciﬁc antibodies [154, 157–
160]. A speciﬁc gp43-kDa glycoprotein fraction, considered
the immunodominant P. brasiliensis antigen, has been
sequenced, cloned, and expressed in a yeast vector [159,
161]. Both a 7-day crude gp43 exoantigen and a 3-day gp43
antigen display sensitivity and speciﬁcity similar to that of
the puriﬁed antigen [159, 161]. Various recombinant products have been prepared and assayed in patients, including
gp43, [159, 162, 163] HSP60 and HSP70, HMM, 28 kDa,
70 kDa, and 78 kDa proteins, among others [162, 164–167].
Use of two different recombinant proteins (27 and 87 kDa)
was found to be more sensitive than either one alone [168].
Recombinant antigens have been shown to react in 85–98%
of proven cases [162, 167, 168].

patients revealed that these were unpredictable [163, 169].
Similar studies in Brazil reached similar conclusions about
the value of antigen monitoring [170].
Detection of 70- and 43-kDa circulating antigens in urine
samples through the use of a polyclonal anti-P. brasiliensis
antibody has also been tested. With this assay, 91% of patients
had detectable urinary antigen by ELISA testing and 75% by
immunoblot testing. Both tests appeared to be speciﬁc, as neither antigen was detected in control samples. In specimens
collected during clinical recovery, reactivity decreased, and
the 43-kDa antigen persisted or increased in those patients
who relapsed [171]. Specimens other than sera, including
urine, sputum, and saliva, have also been employed for the
detection of circulating antigens [153, 160, 161, 168, 171].

Antigen Detection

Treatment

Antigen detection is preferred for early diagnosis in immunocompromised individuals or when antibody detection is
inconclusive. Monitoring circulating antigen could also be
used to follow the course of the illness. An inhibition ELISA
was developed with monoclonal antibodies against an 87-kDa
antigenic fraction; test sensitivity was 80% and higher in
severe forms of the disease [163, 169]. In patients with severe
juvenile disease, follow-up studies during and after itraconazole therapy indicated that antigen titers dropped signiﬁcantly after 20 weeks of therapy. In contrast, in those patients
who had the same clinical form of disease but were also HIV
positive, antigenemia persisted at elevated titers even after
68 weeks of treatment [163, 169]. Patients with chronic pulmonary and chronic disseminated disease had signiﬁcant
decreases in antigen titers after 28 and 40 weeks of treatment, respectively. Antigen decreases correlated with clinical
improvement. Parallel testing of antibody titers in the same

Treatment of paracoccidioidomycosis includes antifungal
agents, adequate nutrition, control of associated diseases,
and smoking cessation. Antifungals presently available for
the treatment of paracoccidioidomycosis include sulfonamides, amphotericin B, and azoles [178] (Table 2).

Gene Probes
By 1997, diagnostic and research laboratories began to incorporate molecular methods, [172] with a preference for PCR and its
various modiﬁcations. The purpose of such methods is to
improve fungal identiﬁcation and obtain better diagnostic accuracy. ITS and gp43 regions have served as templates for designing speciﬁc primers that allow recognition of P. brasiliensis in
clinical specimens and in culture [172–176]. One of the advantages of these methods is their higher capacity to detect only a
few gene copies [175]. A recent report found real-time PCR of
great utility in detecting imported paracoccidioidomycosis cases
[177]. Despite great potential, such methods still require standardization and wider use by more laboratories [3].

Sulfonamides
The combination of trimethoprim-sulfamethoxazole is recommended for the ambulatory treatment of minor and moderate forms of paracoccidioidomycosis. It is inexpensive,
available as an oral formulation, and most side effects are
minor. Up to 70% of patients respond initially, but the number of relapses during the long treatment course is as high as
25%, with 15% of isolates from relapsed cases having
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Table 2 Paracoccidioidomycosis: treatment modalities
Antifungal
(route of
Minimal duration of
administration)
treatment*
Dosing
TMP-SMX
(oral/IV)

Minor involvement:
6 months

Moderate involvement:
12 months

Recovery
rate (%)

Relapse
rate (%)

Leukopenia
Crystalluria
Hypersensivity reactions

80

20–25

Nephrotoxicity
Hypokalemia
Fever
Nausea/vomiting
Hormonal alterations
Elevated hepatic enzymes
Nausea/vomiting
Nausea/vomiting
Altered tryglycerides
Elevation hepatic enzymes

70

15–25

90

11

94–98

3–15

Visual alterations
Elevation liver enzymes
Skin rash

88

Follow-up data
not available

Side effects

Adults:
TMP: 160–240 mg
SMX: 800–1,200 mg
twice daily
Children:
TMP: 8–10 mg/kg
SMX: 40–50 mg/kg
twice daily
1 mg/kg daily

Amphotericin
B (IV)

Total dose 2 ga
OR until stable, then change
to oral TMP-SMX or
itraconazole

Ketoconazole
(oral)

6 months

200–400 mg daily

Itraconazole
(oral/IV)

3 months

Voriconazole
(oral/IV)

6 months

Posaconazole
(oral)

6 months

Adults:
200 mg tid for 3 days, then
200 mg daily
Children < 30 kg and
<5 years of age:
5–10 mg/kg daily
Initial dose: 400 mg every
12 h for 1 day; then
200 mg every12 h.
Diminish dose by 50%
if weight is <40 kg
400 mg twice daily with
fatty food

Transitory elevation of
Un-published Data not
liver enzymes
available
Nausea/vomiting
*Presented only as a guide to proper therapy. Treatment duration should be guided by the clinical response and the indications furnished by laboratory tests
TMP-SMX trimethoprim-sulfamethoxazole
a
Therapy should be continued and replaced by TMP-SMX or itraconazole once the patient is improving and oral antifungal agent is tolerated

becoming resistant to this medication. The recommended
dose is 160–240 mg trimethoprim and 800–1,200 mg sulfamethoxazole, administered twice daily for 12 months for
minor disease and from 18 to 24 months for moderate disease. Children should be given 8–10 mg/kg trimethoprim
and 40–50 mg/kg sulfamethoxazole twice daily. Leukopenia,
the most frequent side effect, can be prevented by the concomitant administration of folinic acid [178–180].

itraconazole. With this regimen, relapses still occur in 15%
of the cases. As for lipid formulations of amphotericin B,
higher costs have limited the application of these new formulations in the endemic areas. Consequently, clinical experience is reduced to a few cases that do not allow determination
of the therapeutic efﬁcacy [73, 178–181].

Azoles
Amphotericin B
Despite being highly effective against P. brasiliensis, amphotericin B deoxycholate is reserved for the treatment of
severely ill patients because of the need for intravenous
administration and its well-known toxicities. The recommended
dose is 1 mg/kg daily until the patient is capable of taking
oral treatment with trimethoprim-sulfamethoxazole or

In vitro, ketoconazole, itraconazole, and ﬂuconazole are all
highly active against P. brasiliensis; minimum inhibitory
concentrations (MICs) are 0.0009–0.015 Pg/mL (ketoconazole), 0.0009–0.5 Pg/mL (itraconazole), and 0.125–0.5 Pg/
mL (ﬂuconazole). In patients, however, ﬂuconazole has been
ineffective; follow-up observations have shown that as many
as 45% of patients relapse despite high doses and prolonged
treatment periods. Ketoconazole is effective in 90% of the
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cases when administered at 200–400 mg daily for
6–18 months. However, it is now infrequently used due to a
relatively high rate of failures (8%) and relapses (11%), a
higher rate of adverse effects than noted with other azoles,
and important drug-drug interactions [73, 178, 180–182].
Itraconazole has been used since 1982 for the treatment of
paracoccidioidomycosis and continues as the best therapeutic option. It is effective in 98% of cases, irrespective of the
clinical form, and has a low relapse rate (3%) [27, 73, 127,
180, 183]. It is administered at a loading dose of 200 mg
three times daily for 3 days followed by 200 mg daily for
3–12 months, depending on the clinical and serologic
response. In children less than 5 years old and weighing less
than 30 kg, itraconazole is administered at 5–10 mg/kg daily.
Adverse effects are usually minor and consist of elevated
transaminases and gastrointestinal disturbances, but there are
many drug-drug interactions that must be monitored.
Absorption of the capsule formulation requires both gastric
acid and food. Serum levels can be erratic because of the
absorption issues and the drug-drug interactions.
Itraconazole is available as a suspension, which is the preferred formulation because absorption does not require gastric
acid and is approximately 30% better than the capsule formulation. It is given on an empty stomach at the same doses listed
above. Itraconazole intravenous formulation allows treatment
of severely ill patients, but is not available in all countries.
Despite the high costs and the problems indicated above, itraconazole is considered the agent of choice for most patients
with paracoccidioidomycosis [27, 73, 127, 130, 180].
Voriconazole has proven effective for paracoccidioidomycosis. In a comparative pilot study with itraconazole done in
53 patients who were treated for 12 months, the response rate
was 88% [183]. Posaconazole has been used as salvage therapy in only a few patients, and satisfactory results have been
obtained (personal experience).
The goal of treatment is to control the infection in order to
restore the patient’s well-being. Attempts at eradicating the
etiologic agent may not be possible, and the risk of endogenous reactivation persists. Treatment should continue until
clinical manifestations are resolved, except for those due to
residual ﬁbrotic sequelae, and until antibody/antigen titers
decrease or remain stationary at low titers for several months
[27, 73, 127, 179, 180].
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Sporotrichosis
Peter G. Pappas

Sporotrichosis is a chronic pyogranulomatous infection
caused by the thermally dimorphic fungus Sporothrix
schenckii. Infection is usually limited to the skin and subcutaneous tissues, but can involve virtually any organ in its
disseminated form. Less common localized forms of sporotrichosis include arthritis, osteomyelitis, meningitis, chronic
pneumonitis, and laryngeal and ocular disease.
Schenck originally described sporotrichosis in 1898 in a
36-year-old man who presented with several discrete indurated lesions extending along the lymphatics from the index
ﬁnger proximally to the forearm. The organism obtained
from cultures of the purulent drainage from one of these
lesions revealed heavy growth of a moderately rapidly growing
fungus that he designated as possibly related to Sporotrichum
species [1]. Subsequently, investigators reported a second
case of sporotrichosis in a 5-year-old boy with chronic ulceration of the index ﬁnger and associated nodular lymphangitis
of the forearm [2]. Treatment entailed serial incision and
drainage of each subcutaneous nodule followed by local
wound care resulting in eventual full recovery. The fungus
isolated from this young patient was referred to as Sporothrix
schenckii. However, the more common designation,
Sporotrichum schenckii, was used through the 1960s until
Carmichael’s observation that the organism had a different
manner of sporulation when compared to Sporotrichum species. The name Sporothrix schenckii was ofﬁcially readopted
thereafter [3].
After the initial description of sporotrichosis, most early
cases were reported from France. One of the earliest case
series from France involved approximately 250 patients with
sporotrichosis, and remains one of the largest reports of this
condition to date [4]. As knowledge of the disease became
more widespread, fewer cases were identiﬁed in Europe, and
cases of sporotrichosis began to be reported worldwide, with
the abundance of cases emerging from the USA, Japan,
Mexico, and South America.
P.G. Pappas ( )
Division of Infectious, Diseases, University of Alabama at
Birmingham School of Medicine, Birmingham, AL, USA
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Since its original description, sporotrichosis was perceived
to be a sporadic infection, although clusters of cases and
larger epidemics were occasionally observed. In the largest
of these outbreaks, almost 3,000 cases of sporotrichosis were
reported among South African gold miners between 1941
and 1944. The cause of the outbreak was discovered to be
infected mine timbers, and the epidemic was brought under
control by spraying these timbers with fungicidal agents [5].
Since the report of the large South African outbreak, many
smaller epidemics have been reported, mostly occurring in
the Americas and Japan [6–17].

Organism
Sporothrix schenckii demonstrates thermal dimorphism,
growing as a mould at room temperature (25–28°C), and as
a yeast at 35–37°C [12]. There is evidence to suggest that
isolates from ﬁxed dermatologic lesions are less tolerant to
higher temperatures, growing well at 35°C, but either failing
to grow or growing only very slowly at 37°C. In contrast,
isolates from lung, synovial tissue, or lymphocutaneous
lesions and other deep tissues usually grow well at body temperature. Most recently, several investigators have demonstrated genetic differences among geographically diverse
Sporothrix isolates, and these observations have led to the
concept that Sporothrix schenckii is actually a complex of
phylogenetically distinct species [18, 19]. It has been proposed that these variants be recognized as S. mexicana, S.
globosa, S. luriei, and S. brasiliensis [20, 21]. With the
exception of S.luriei, these organisms are morphologically
indistinguishable on artiﬁcial media, and it is unclear whether
there are differences in the clinical manifestations of disease
caused by these organisms.
Colonies grow within a few days to 2 weeks when incubated on Sabouraud’s dextrose agar at 25–28°C. The initial
colony is moist and whitish. Within 10–14 days, most colonies develop a black or brown pigmentation around the
periphery of the colony [12]. The identiﬁcation of S. schenckii
is based on its colonial and microscopic morphology in the
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mould phase and its conversion to yeast phase at 35–37°C.
The yeast phase of S. schenckii, while rarely seen in clinical
specimens, is acapsular and has a distinctive oval to cigar-shaped
appearance. Morphologic distinction between S. schenckii
and a much less common pathogen, S. cyanescens, can be
difﬁcult, although the colonies of S. cyanescens produce a
water-soluble purplish pigment and thermal dimorphism is
less readily demonstrated in this species [12]. Sporothrix
luriei has a distinctive morphologic appearance, with a yeast
form that is large, thick-walled, and demonstrates budding.
In addition, the organism can survive as a yeast at 25°C
[21, 22].

Pathogenesis
Virulence factors for S. schenckii have not been elucidated
completely. It is clear that the organism is not very virulent
in many animal models, including the guinea pig, rabbit,
mouse, and hamster [23–25]. The organism produces melanin, which is a virulence factor for other yeasts, including
Cryptococcus neoformans [26]. The organism also produces
extracellular proteins, which could possibly play a role in
virulence. In addition, S. schenckii contains the unique substance L-rhamnose, which complexes with other glycoproteins to form rhamnomannans, which are not found in other
fungal cell walls. The potential role of the rhamnomannans
as a virulence factor is poorly understood [27].
Conditions of growth may also play an important role in
virulence. In experimental models, conidia grown for 4 days
demonstrate more virulence than conidia grown for 10–12
days [28]. Thermotolerance is also probably an important
virulence factor among selected strains of S. schenckii causing visceral or lymphonodular disease, as these organisms
tend to multiply at 37°C, whereas organisms that are less
thermotolerant tend to be less invasive and cause chronic
ﬁxed cutaneous lesions [12, 23, 29, 30]. It is unclear whether
the reclassiﬁcation of Sporothrix species as a phylogenetic
complex will improve our understanding of the various clinical patterns associated with sporotrichosis, but it is likely
that differences exist in virulence potential and tissue tropisms among this family of pathogens that are clinically relevant [20, 31, 32].

Epidemiology
In recent decades, most cases of sporotrichosis have been
reported from the USA, Central and South America, Africa,
and Japan [6–11, 13–15, 33–35]. The majority of cases are
sporadic, occurring after direct inoculation through the skin
from an infectious source. There is a predominance of males
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among reported cases of sporotrichosis, possibly reﬂecting
occupational exposure. Occupational risk groups include
gardeners, farmers, forestry and nursery workers, veterinarians, outdoor laborers, and those involved in other activities
that involve exposure to S. schenckii-contaminated material,
such as sphagnum moss, roses, farm crops, hay, and other
vegetation [8, 10, 36, 37].
The incidence of sporotrichosis varies widely from country to country based on observational data and case reports.
Few countries have national surveillance or reporting
systems for the deep mycoses; consequently only crude
estimates of disease incidence are generally available.
Surveillance data notwithstanding, the disease appears to
have become extremely rare in Western Europe, with the
exception of Italy, where sporadic cases are still reported [13].
In the USA, the incidence is less than 1 case per 100,000 and
probably more accurately approximates one case per million
persons [14]. Data from Japan suggest a similar incidence
[9, 11]. Currently, the countries of Central and South America
appear to have the heaviest burden of disease based on scattered reports and a few prospective studies. In a large epidemiologic investigation from urban areas in Brazil, over 800
cases have been reported since 1997 [15]. Studies suggest an
important role for feline transmission in the genesis of this
ongoing outbreak. Observations from hyperendemic regions
in the Andean highlands of South America, where sporotrichosis has been recognized commonly, suggest that the
incidence of disease is highest among children and adolescents living in rural villages, and approximates 1 case per
1,000 in these regions [35, 38]. Among these and other
reports of children with sporotrichosis, there appears to be
no male predominance in disease [35, 38–40].
Transmission of S. schenckii usually occurs through a
traumatic break in the skin and exposure to infectious material. A primary lesion usually occurs at the site of inoculation, and this may be followed by local lymphangitic spread
or the development of a ﬁxed cutaneous lesion. Extracutaneous
sporotrichosis may occur as a result of direct inoculation
such as penetrating trauma into a joint or the eye, or through
dissemination from another site such as the skin or lungs.
Most patients with pulmonary sporotrichosis provide no history consistent with cutaneous disease; thus, it is hypothesized that these patients acquire infection through inhalation
of airborne spores [41].
Sporotrichosis as result of zoonotic exposure to domestic
and wild animals is well described [15, 42–47]. Clinical
sporotrichosis may occur in birds, dogs, squirrels, horses,
rats, and cats; thus, veterinarians and pet owners are at relatively increased risk for acquiring infection. Fish exposure is
an uncommon risk for sporotrichosis, but there are reports of
cutaneous sporotrichosis following a puncture wound from
the dorsal ﬁn of commercially raised tilapia [48]. There have
been several well-documented cases of feline-transmitted
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sporotrichosis reported in the USA and Brazil [42, 44, 45,
49]. In many of these cases, the cats had facial ulcerations
that contained a large number of organisms. A recent casecontrol analysis in Brazil demonstrated that cat exposure was
signiﬁcantly associated with the development of sporotrichosis in this region [15]. A smaller epidemiologic study in Peru
suggested a similar relationship between cat exposure and
disease, although these ﬁndings were not as dramatic as
those demonstrated in the Brazilian studies [50].
Several cases of laboratory-acquired sporotrichosis have
been reported [51, 52]. These cases have occurred typically
among persons working with infected laboratory animals or
other contaminated material, with direct inoculation to the
upper extremities. In two cases, direct inoculation into the
conjunctivae occurred when a suspension of S. schenckii
mycelial elements was spattered into the eyes [51]. Person-toperson transmission, if it occurs, is exceedingly rare. There
are, however, several reports of sporotrichosis occurring in
family members or persons living in the same household [53–
55]. In most of these instances, disease was felt to be due to a
common source rather than person-to-person spread.
There are several well-described point-source outbreaks
of sporotrichosis. Most outbreaks have been traced to occupational exposure such as workers handling plants, contaminated sphagnum moss, or soil. Forrester was among the ﬁrst
to suggest an occupational predisposition to sporotrichosis in
his review of 14 tree nursery workers with sporotrichosis
from Wisconsin in 1926 [56]. More recent epidemics in the
USA in Wisconsin, Florida, Vermont, Mississippi, and a
large multistate outbreak have been reported following exposure to seedlings, other plants, and sphagnum moss [6–8, 36].
In the largest of these epidemics, 84 cases of cutaneous
sporotrichosis occurred in persons handling conifer seedlings that had been packed with sphagnum moss harvested in
Wisconsin [10, 37]. Cases were conﬁrmed in 14 states in this
multistate outbreak.
The most recently documented outbreak of sporotrichosis
in the USA occurred among nine tree nursery workers from
a theme park in Florida in 1994 [14]. A case-control study
conducted in parallel with this epidemic suggested that occupational inexperience and handling sphagnum moss were
independently associated with an increased risk, whereas
longer work experience and wearing gloves were associated
with decreased risk of sporotrichosis [14].
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trauma and may begin as a erythematous papule that
enlarges over days or weeks. The lesion may become a
ﬁxed subcutaneous nodule or plaque, or may develop into
a chronic nonhealing ulcerative lesion (Figs. 1 and 2).
These lesions are usually painless, and systemic symptoms
of fever, malaise, weight loss, and chills are usually absent.
Classically, a “sporotrichoid” eruption of similar-appearing subcutaneous nodules develops along the lymphatic
system of the involved anatomic site (Figs. 3 and 4).

Fig. 1 Plaque-like lesion due to S. schenckii on the anterior chest wall
of an 18-year-old man

Clinical Manifestations
Lymphocutaneous
Lymphocutaneous lesions are the clinical hallmark of
sporotrichosis. Disease typically arises at a site of minor

Fig. 2 Fixed chronic ulcerative lesion of sporotrichosis in a 58-yearold woman. The lesion had been present for 18 months
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Fig. 3 (a) Characteristic lesions of lymphocutaneous sporotrichosis of
the forearm in a 45-year-old landscaper. (b) Primary lesion, which has
ulcerated, in the same patient

Lesions are typically erythematous or violaceous, and the
intervening skin is usually normal. Untreated, these
nodules may undergo suppuration, drainage, and ulcer
formation, similar to the primary lesion. Secondary
lymphadenopathy may occur, although lymph nodes are
not usually involved directly with S. schenckii infection,
and most cases of enlarged nodes represent reactive
lymphadenopathy.
Some patients present with a ﬁxed ulceration or a proliferative, plaque-like lesion. These lesions can be chronic for
many months or years, remaining more or less unchanged
[27]. Persistent lesions for as long as 10 years have been
reported [57]. The propensity for these lesions to evolve into
progressive nodular lymphangitis or disseminated disease is
very low, and may relate to the observation that many of
these organisms are less thermotolerant than more invasive
strains [13].
Disseminated cutaneous lesions involving multiple
extremities, the face, trunk, and abdomen may occur in normal individuals after either intense exposure to the organism, signiﬁcant autoinoculation, or rarely, hematogenous
dissemination. Patients with disseminated skin lesions secondary to hematogenous spread are virtually all severely
immunocompromised as a consequence of advanced HIV
disease, organ transplantation, or another signiﬁcant underlying disorder [58–61].

Fig. 4 (a) Hyperpigmented lymphocutaneous sporotrichosis on the leg
of a 28-year-old Peruvian woman. (b) Primary ulcerative lesion overlying the lateral malleolus in the same patient

Osteoarticular
Osteoarticular sporotrichosis usually manifests as a slowly
progressive, indolent process involving a major peripheral
joint, typically the knee, elbow, ankle, or wrist [62–67].
Occasionally, metacarpal or metatarsal joints may be
involved, either as a manifestation of dissemination or direct
extension from a cutaneous lesion. Arthritis has also been
reported to follow a penetrating joint injury. Frank bony
involvement is a frequent concomitant of sporotrichoid
arthritis, usually at a contiguous periarticular site [62, 65].
Patients with osteoarticular sporotrichosis often present with
localized pain and swelling without signiﬁcant fever or other
systemic symptoms. Untreated, the process inevitably progresses until the joint is destroyed and/or function signiﬁcantly impaired.
Sporothrix schenckii is also a cause of granulomatous
tenosynovitis, usually presenting in the wrist with painless
swelling and limited range of motion. In severe cases, neurologic or musculoskeletal symptoms due to entrapment of the
median nerve or tendon rupture can be seen [68, 69]. Surgical
intervention is necessary for decompression, debridement,
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and repair of damaged tendons. At surgery, the ﬁnding of
“rice bodies” in the synovial space is a nonspeciﬁc ﬁnding
consistent with sporotrichosis, but can also be seen in cases
of granulomatous tenosynovitis due to other organisms, such
as mycobacteria.

Pulmonary
Pulmonary sporotrichosis is a rare disorder. In the largest
review of this topic, Pluss and Opal reviewed 51 cases, of
which the vast majority were middle-aged white males presenting with cough, low-grade fever, weight loss, and upper
lobe cavitary disease [41]. Preexisting lung disease was common. Hemoptysis occurred in fewer than 20%, but could be
signiﬁcant if present. Chest roentgenographic ﬁndings associated with pulmonary sporotrichosis are nonspeciﬁc.
Cavitary lung lesions, which are common with pulmonary
sporotrichosis, are usually single and often involve the upper
lobes [41, 67]. There may be extensive surrounding ﬁbrosis,
which is indistinguishable from the ﬁbrosis associated with
other causes of chronic necrotizing pneumonia (Fig. 5). The
classic single thin-walled cavity associated with pulmonary
sporotrichosis and coccidioidomycosis is relatively uncommon [41]. Among patients with pulmonary sporotrichosis,
disease is usually limited to the lungs, although multiple
organ involvement can occur. Untreated, pulmonary sporotrichosis leads to slow and inexorable clinical deterioration;
spontaneous remission is rare. Laryngeal sporotrichosis is
also a rare manifestation of this infection, likely reﬂecting
the same manner of disease acquisition as those with pulmo-

nary sporotrichosis [70–72]. The disease can be easily
misdiagnosed as larygeal carcinoma [70].

Disseminated
Sporotrichosis can involve virtually any organ, manifesting
as disseminated disease in either of two forms: (1) disseminated cutaneous disease and (2) disseminated visceral disease [67, 73–75]. Both of these disease presentations result
from hematogenous dissemination. In the ﬁrst form, multiple
skin lesions may occur spontaneously on the extremities,
trunk, abdomen, and head and neck. These lesions are often
small pustules on an erythematous base and not particularly
distinctive. They can be mistaken for the skin lesions of varicella, disseminated bacterial infection, or another disseminated fungal infection. In the second form, the central nervous
system (CNS) and peripheral joints are probably the most
common sites for disseminated visceral disease [67, 76].
Clinically, CNS disease is usually associated with chronic
indolent meningitis, focal cranial nerve abnormalities, and
hydrocephalus. Cerebrospinal ﬂuid analysis usually reveals
evidence of chronic inﬂammation with hypoglycorrhachia,
elevated CSF protein, and mononuclear cell pleocytosis [67,
75]. Endophthalmitis due to S. schenckii may occur either as
an extension of a CNS infection, or independently as a consequence of hematogenous dissemination or directly from
penetrating trauma [77, 78].

Special Populations
Children
Unlike cryptococcosis and blastomycosis, sporotrichosis is
not uncommon in children [39, 40, 79–82]. Indeed, in some
populations the highest incidence of disease is among preadolescent children [35, 38]. Disease manifestations are
similar to those in adults, although multiple cutaneous sites
and facial lesions are more common in children with sporotrichosis, possibly due in part to autoinoculation [35, 79–82].
For unclear reasons, extracutaneous and hematogenously
disseminated cutaneous disease are particularly uncommon
among children.

Immunocompromised Patients

Fig. 5 Chest radiograph of a patient who had chronuc ﬁbrocavitary
pulmonary sporotrichosis

A growing number of patients with sporotrichosis and HIV/
AIDS or another signiﬁcant underlying immune disorder
have been reported [58, 59, 61, 75, 76, 78, 83–88]. Patients
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with these disorders are much more likely to present with
hematogenously disseminated disease, and a disproportionate number of these patients develop complicated S. schenckii
infections, including fungemia, meningitis, endophthalmitis,
and disseminated cutaneous and multiorgan disease. Whereas
the mortality rate associated with sporotrichosis among nonimmunocompromised patients is very low, disseminated disease in the immunocompromised patient can be rapidly fatal
if unrecognized and untreated.

Diagnosis
The clinical diagnosis of lymphocutaneous sporotrichosis
can be misleading because sporotrichosis is clinically indistinguishable from other common causes of nodular lymphangitis [89]. Lymphonodular sporotrichosis may appear
identical to cutaneous nocardiosis, mycobacterial infections (especially due to Mycobacterium marinum and
Mycobacterium chelonae), tularemia resulting from direct
cutaneous inoculation, and cutaneous leishmaniasis [89].
Less common causes of a lymphonodular sporotrichoid
eruption include Mycobacterium avium complex, other
mycobacteria, C. neoformans, B. dermatitidis, and rarely,
C. immitis.
The diagnosis of sporotrichosis is conﬁrmed by a positive culture for S. schenckii from an involved site (tissue or
body ﬂuid). The organism is not considered a colonizer;
thus, isolation from a clinical specimen is virtually always
considered diagnostic. Optimally, clinical specimens for
culture should be collected from purulent cutaneous lesions.
Alternatively, a skin biopsy from a suspicious area is usually
sufﬁcient. For patients with suspected pulmonary sporotrichosis, expectorated purulent sputum can be a helpful
source for culture, although bronchoalveolar lavage or a
transbronchial biopsy specimen are frequently necessary
[41, 90]. Patients with laryngeal sporotrichosis usually
require a biospy of involved tissue for a deﬁnitive diagnosis.
For patients with osteoarticular disease, the organism is
readily recovered from synovial ﬂuid or involved bone or
synovial tissue. Isolation of S. schenckii from blood and
other body ﬂuids, including cerebrospinal ﬂuid, is unusual
even among patients with disseminated disease [91].
Direct examination of clinical specimens is usually unsuccessful in a search for speciﬁc histopathologic evidence of
sporotrichosis. Owing to the relative paucity of organisms,
yeast forms are seen uncommonly on biopsy specimens
using Gram stain, KOH, or other special stains. The fungal
cell may have a very pleomorphic appearance ranging from
spherical to elongated. The typical ovoid cigar-shaped yeast
forms, which are most suggestive of the diagnosis, are
uncommonly seen. Similarly, the classic ﬁnding of asteroid

Fig. 6 Asteroid body seen on H&E stain of tissue from a patient with
cutaneous sporotrichosis

bodies in tissue specimens is uncommon (Fig. 6). Serologic
assays for the detection of antibodies to S. schenckii are neither readily available nor appropriately standardized; thus,
this method of diagnosis is not generally useful [92–94]. An
assay of CSF for antibody to S. schenckii was advocated for
patients with suspected meningitis, but this test is not available [91].
In many countries, a skin test (sporotrichin test) is available to detect exposure to S. schenckii. The skin test antigen,
which consists of an extract from laboratory-cultured strains
of S. schenckii, is not standardized. The test is used as an
adjunct to the diagnosis of cutaneous sporotrichosis among
patients with clinically compatible lesions before culture
data are available or in whom cultures are negative. Although
a positive skin test is generally regarded as evidence of recent
exposure to S. schenckii, this diagnostic modality remains of
questionable value, even in areas of the world where it is
readily available. At present, the sporotrichin skin test is not
available commercially within the USA.

Treatment
There are a variety of effective treatment modalities for
sporotrichosis, and these have been reviewed and updated in
the most recent version of the Infectious Diseases Society of
America clinical practice guidelines [95]. For all forms of
sporotrichosis, spontaneous resolution without speciﬁc therapy is uncommon [96]. Thus, a fundamental principle in the
approach to the management of this disorder is that all
patients require some therapeutic intrevention. Notably, there
are no comparative trials between different agents for the
treatment of sporotrichosis. The largest trials involve pilot
studies or dose-ranging studies to determine a range of efﬁcacy
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and optimal dosing of a single agent. Furthermore, there are
no studies of combinations of antifungal agents. The main
limitation to the study of the treatment of sporotrichosis pertains to its rarity compared to other invasive mycoses.
Speciﬁc appraoches to therapy are discussed below.

Supersaturated Solution of Potassium Iodide
(SSKI)
Effective therapy for cutaneous sporotrichosis has been
available for almost a century. In the early 1900s, deBeurmann noted that iodides were effective in the treatment of
this form of sporotrichosis, though the mechanism by which
iodides act is still not understood over 100 years later [97–99].
Supersaturated solution of potassium iodide (SSKI) does
not inhibit or kill S. schenckii directly, nor does it enhance
killing of the organism when combined with neutrophils
[100]. Nonetheless, a large amount of clinical experience
and published data indicate that SSKI is an acceptable
and very effective treatment for uncomplicated cutaneous
sporotrichosis.
For patients undergoing treatment with SSKI, it is recommended to begin with ﬁve drops SSKI in water or juice
three times daily, gradually increasing each dose by ﬁve
drops weekly to a maximum of 40 or 50 drops SSKI three
times daily as tolerated. Administration usually continues
until active lesions have disappeared, which is usually for
at least 4 weeks at a minimum. Therapy is rarely continued
beyond 6 months, in part because of poor patient tolerance
and difﬁculty in administration. Recognizing these problems, Cabezas and colleagues, studying a group of Andean
natives in Peru, found that once daily dosing with SSKI
was equivalent to standard dosing at two to three times
daily, thereby demonstrating that this was an effective
approach to treatment for many patients with cutaneous
sporotrichosis [101]. SSKI has also been used successfully
in combination with terbinaﬁne among patients with lymphocutaneous disease [102].
Adverse effects, which are common with SSKI, especially
at higher doses, include anorexia, nausea, a metallic taste,
swelling of the salivary glands, rash, and fever [98]. Despite
these obvious obstacles to good compliance, SSKI remains
the least expensive and widely used therapy for sporotrichosis [95]. Given that sporotrichosis primarily occurs in
regions of the world where antifungal therapy with azole
drugs is generally not affordable, SSKI remains the treatment
of choice for individuals in these regions with uncomplicated lymphocutaneous sporotrichosis. Response to therapy
among compliant patients with uncomplicated disease is
in excess of 90% [95]. SSKI is not effective for visceral
sporotrichosis.

Hyperthermia
Hyperthermia has been used successfully in the treatment of
lymphocutaneous sporotrichosis based on an observation
made originally in 1951 [103]. Most of the recent work on
hyperthermic therapy for sporotrichosis has been conducted
in Japan, utilizing hot baths, hot compresses, and hand-held
heating devices [98]. Hiruma and colleagues reported that 18
of 21 patients were cured when using pocket warmers directly
applied over a ﬁxed lesion for 40–60 min daily for an average of 8 weeks [104]. Other recent scattered anecdotes report
success with hyperthermia. Additional studies evaluating
infrared therapy have been done, but have been limited due
to the potential for phototoxicity [105].
The mechanism by which hyperthermia leads to improvement in sporotrichosis remains unknown, but probably relates
to the limited thermotolerance of S. schenckii. Over two decades
ago, Kwon Chung demonstrated the inability of S. schenckii
obtained from ﬁxed cutaneous lesions to survive at temperatures of 37°C or higher [12]. Additionally, Hiruma and Kagawa
demonstrated that S. schenckii germination was markedly
decreased when organisms were heated to 40°C [104]. Despite
clinical evidence to support its use, the role of hyperthermia as
therapy for sporotrichosis remains very limited, and probably
should be restricted to patients with ﬁxed cutaneous lesions
who cannot afford or tolerate existing oral therapies [95].

Azoles
The azole antifungal drugs have become the mainstay of
therapy for most patients with lymphocutaneous sporotrichosis. Of the three available oral azoles, itraconazole is the drug
of choice with a success rate exceeding 90% [95, 106, 107].
Itraconazole should be administered orally at doses of 100–
200 mg daily for at least 1 month beyond resolution of symptoms and signs [95]. Recent experience with “pulse dose”
itraconazole, 400 mg daily for 1 week each month for at least
3 months, has been successful in a small number of patients
with uncomplicated lymphocutaneous disease, but this
approach has not been studied on a large scale [108].
Fluconazole is less effective than itraconazole at similar
doses and should be considered a second-line therapy for
sporotrichosis among patients who either have no access to
or cannot tolerate itraconazole, or for whom itraconazole is
contraindicated due to drug–drug interactions [95, 109].
Fluconazole should be administered orally starting at doses
of 400 mg daily, and higher doses may be needed.
Ketoconazole is the least effective of the available oral azoles
and should only be used when access to the other two agents
is limited [95, 110]. If therapy with ketoconazole is necessary,
initial dosing is 400 mg daily, increasing to 600 and 800 mg
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daily as clinically indicated for unresponsive cases. All of
the azole drugs are better tolerated than SSKI.
For patients with extracutaneous disease, especially those
with osteoarticular disease, itraconazole 200 mg twice daily
provides a reasonably effective oral alternative to amphotericin B [95, 106]. Fluconazole has been disappointing [95],
and ketoconazole is not recommended for the treatment of
patients with extracutaneous sporotrichosis. Among patients
with non-life-threatening pulmonary disease, itraconazole
provides an effective alternative to amphotericin B. For central nervous system and other forms of disseminated sporotrichosis, there is little role for initial therapy with any of the
azoles, although they may play a role as chronic suppressive
therapy among those who demonstrate a favorable initial
response to amphotericin B [95].
There is very limited clinical experience with the
expanded-spectrum triazoles, including voriconazole and
posaconazole, for treatment of sporotrichosis. Voriconazole
demonstrates poor in vitro activity versus S. schenckii and
should not be used for this disorder [111, 112]. In contrast,
posaconazole demonstrates excellent in vitro activity and is
a potentially effective agent for patients with lymphocutaneous, osteoarticular, and pulmonary disease [111, 112].
Unfortunately, there are only a few clinical anecdotes describing a response to posaconazole among patients with
sporotrichosis.

Terbinaﬁne
Terbinaﬁne, an allylamine antifungal agent, has good
activity against S. schenckii in vitro and in vivo, and there
is a moderate amount of clinical data supporting its usefulness for the treatment of lymphocutaneous sporotrichosis
[113–116]. In a randomized, double-blinded study involving 63 patients, two different regimens of terbinaﬁne were
compared among patients with uncomplicated lymphocutaneous sporotrichosis. Patients received either terbinaﬁne
500 or 1,000 mg daily for up to 24 weeks. A much better
response was noted among the group receiving higherdose terbinaﬁne (87% vs 52%), and the percent success
rate in the higher-dose group was similar to that seen in
patients treated with itraconazole [116]. In a more recent
study, as little as 250 mg terbinaﬁne daily has led to a successful outcome among patients with uncomplicated lymphocutaneous disease [117]. While not approved for this
purpose, terbinaﬁne appears to be safe, well-tolerated, and
a reasonable alternative to itraconazole for patients with
lymphocutaneous disease. Because there are few data concerning the use of terbinaﬁne in the treatment of extracutaneous sporotrichosis, it is not recommended in this
setting.
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Amphotericin B
Amphotericin B, preferably in a lipid formulation, remains
the mainstay of therapy for patients with disseminated or
life-threatening sporotrichosis, including those patients with
CNS disease, moderate-to-severe pulmonary sporotrichosis,
and disseminated cutaneous and/or visceral disease [95]. It is
also the most appropriate initial therapy for immunocompromised patients with disseminated disease. There are few data
comparing amphotericin B to other forms of therapy, especially for more serious complications of sporotrichosis, such
as pulmonary and CNS disease; however, the seriousness of
these manifestations generally merit a more aggressive therapeutic approach. Thus, the recently published treatment
guidelines for sporotrichosis suggest amphotericin B be used
as initial therapy for patients with either meningeal or lifethreatening disease until the condition has been clinically
stabilized [95].

Surgery
The role of surgery in the treatment of sporotrichosis is limited
to a few speciﬁc and uncommon conditions. Among patients
with pulmonary sporotrichosis involving a well-deﬁned
anatomic area and no more than one lobe, surgery may be a
reasonable option provided there are no contraindications to
surgery and there is no evidence of sporotrichosis involving
the other lung or other extracutaneous sites [12, 41]. Another
potential role for surgery is its use in the debridement of
involved synovial spaces, particularly for synovitis involving
the wrist [68, 69]. The role of synovectomy in this setting is
difﬁcult to assess since most of these patients have received
concomitant antifungal therapy. However, in many instances
surgery is performed to preserve or improve function that has
been lost due to progressive destruction of bones and joints.
There are scattered reports of successful prosthetic joint
replacement in the face of active articular sporotrichosis
[118]. In each of these instances, patients were treated with
chronic suppressive antifungal therapy to prevent relapsing
disease.

Prevention
There is no vaccine for sporotrichosis; thus, prevention of the
disease involves avoidance of exposure to the organism
among individuals involved in high-risk activities. In particular, gardeners, nursery workers, foresters, veterinarians, cat
owners in certain geographic areas, and construction workers
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are at increased risk of developing sporotrichosis as a consequence of direct cutaneous inoculation. Avoidance of exposure requires the wearing of gloves. There is no evidence that
wearing a mask prevents airborne transmission of the organism. Perhaps the greatest potential role for prevention is in
developing countries in which sporotrichosis remains a signiﬁcant regional public health threat. In those settings where
lack of sanitation, poverty, and poor personal hygiene are
common problems, efforts to expand awareness of the disease, limit exposure to potential vectors such as cats, and
improve personal hygiene might lessen morbidity associated
with S. schenckii infection.
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Penicilliosis
Kenrad E. Nelson, Khuanchai Supparatpinyo, and Nongnuch Vanittanakom

More than 200 species of the Penicillium genus have been
described. Penicillium organisms are abundant in nature and
are common laboratory contaminants. However, Penicillium
marneffei is the only dimorphic species. The organism is
commonly responsible for disseminated invasive infections
in humans with HIV infection or AIDS in the endemic areas
of Southeast Asia and southern China. Penicillium marneffei
has also been found to cause natural infections in several
species of rodents in the endemic areas, and rodents can be
infected experimentally.

History
Penicillium marneffei was originally isolated from the liver
of a bamboo rat (Rhizomys sinensis) at the Pasteur Institute
in Dalat, Viet Nam, in 1956. Capponi and colleagues observed
the death of bamboo rats due to disseminated infections with
Penicillium involving their reticuloendothelial system [1].
These investigators inoculated mice with the newly discovered organism, and it was sent to the Pasteur Institute. The
fungus was characterized by Segretain and named Penicillium
marneffei in honor of Dr. Hubert Marneffe, the Director of
the Pasteur Institute of Indochina [2]. Subsequently, Segretain
became the ﬁrst known human to be infected with the organism in 1959 when he accidentally stuck his ﬁnger with a
needle he was using to inoculate a hamster. The clinical manifestations of his infection were a subcutaneous nodule at the
site of the inoculation and lymphadenitis involving the draining axillary lymph nodes. The infection responded to treatment with high doses of oral nystatin.
The ﬁrst natural human infection with P. marneffei was
reported in 1973 in a 61-year-old US missionary who was
suffering from Hodgkin’s disease. His infection was discovered
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when he underwent a staging splenectomy for Hodgkin’s
disease [3]. The missionary had visited Southeast Asia after
Hodgkin’s disease had been diagnosed 1 year prior to the
splenectomy. At surgery the excised spleen contained a tan
nodular mass, 9 cm in diameter with a necrotic center, which
grew P. marneffei when cultured on Sabouraud dextrose agar
at 25°C. The patient survived after being treated with amphotericin B.
The second case of penicilliosis was reported in 1984 in a
59-year-old man who had traveled in Southeast Asia [4]. He
had recurrent episodes of hemoptysis, and P. marneffei
organisms were isolated from his sputum. Also in 1984, ﬁve
additional cases involving individuals who had been seen
at Ramathibodi Hospital in Bangkok, Thailand, between
1974 and 1982 were reported [5]. Eight cases of P. marneffei
infection were reported from Guangxi province in southern
China that had occurred between 1964 and 1983 [6].
Additional cases were recognized from 1985 to 1991 in
southern China [7–9]. These patients were not immunocompromised. All cases had occurred prior to the AIDS epidemic
in Southeast Asia.
In the late 1980s and early 1990s several reports of disseminated penicilliosis in HIV-infected patients were published; these included patients who were infected in Southeast
Asia but whose infections were diagnosed after they returned
to the USA or Europe [10–17]. An HIV-positive Congolese
physician developed disseminated penicilliosis while he was
working at the Pasteur Institute in Paris [18]. The organism
had not been handled directly by the physician, but organisms were being cultured in the building where he was
attending a course. This case illustrates the potential hazard
of laboratory-acquired infection and suggests an airborne
route of infection.
As the HIV/AIDS pandemic has spread in Southeast Asia,
P. marneffei infection has become a very common opportunistic infection in HIV-infected patients in the region [19–21].
Infection with this organism is now the fourth most common
opportunistic infection in AIDS patients in northern Thailand,
exceeded only by tuberculosis, Pneumocystis jiroveci pneumonia, and cryptococcosis [21]. A total of 550 cases of penicilliosis and 743 cases of cryptococcosis were diagnosed at
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Fig. 1 Number of patients with HIV and Penicillium marneffei infection at Chiang Mai Hospital from 1987 to 2009

Chiang Mai University Hospital in northern Thailand
between 1991 and 1994. Nearly all of these patients were
HIV positive [22]. The number of patients with proven
P. marneffei infection has declined in the last few years
because of a decreased incidence of HIV and widespread
availability of antiretroviral treatment (Fig. 1). The endemic
area includes Thailand, southern China, Hong Kong, Taiwan,
Burma, Laos, Vietnam, Malaysia, and northeast India.

Epidemiology
The natural reservoir of P. marneffei is almost certainly the
soil. However, the organism was ﬁrst isolated from Chinese
bamboo rats, Rhizomys sinensis, in Vietnam in 1956 [1].
Since the original isolation, several investigators in China
and Southeast Asia have cultured rodents and environmental
samples in order to better understand the reservoir. The
organism has been isolated from the internal organs of four
species of bamboo rats in Asia (Table 1). Two investigators
reported data from bamboo rats collected from Guangxi
province in China. Deng and colleagues isolated P. marneffei
from the internal organs of 18 of 19 R. pruinosus rats [24],
and Li and colleagues found the organism in 15 of 16 R.
pruinosus rats [8]. These infected animals showed no signs
of illness. However, fatal infections had been observed in
bamboo rats that were experimentally infected in Vietnam in
1956 [1, 29]. In another survey in Guangxi province in China,
workers isolated P. marneffei from 39 of 43 bamboo rats (37
of 41 R. pruinosus and 2 of 2 R. sinensis [23]. They were also
able to isolate P. marneffei from soil samples taken from
three burrows of R. pruinosus rats and from the feces of three
animals. Another survey in southern China isolated P. marneffei from 114 of 179 (63.7%) R. pruinosus rats [25]. A
study of the prevalence of P. marneffei infections in bamboo
rats in central Thailand was done in 1987, and P. marneffei

was isolated from 6 of 8 (75%) R. pruinosus rats and 6 of 31
(19%) Cannomys badius rats [26]. Organisms were cultured
from the lungs (83%), liver (33%), and pancreas (33%) of
these animals.
The prevalence of P. marneffei in bamboo rats from northern Thailand was studied in 75 bamboo rats; P. marneffei was
isolated from the internal organs of 13 of 14 (92.8%) large
bamboo rats, R. sumatrensis, and 3 of 10 (30%) reddishbrown small bay bamboo rats, Cannomys badius [27]. All 51
grayish black C. badius rats were negative on culture. Among
the R. sumatrensis rats, the fungus was most commonly isolated from lungs (86%), spleen (50%), and liver (29%). The
investigators also studied 28 soil samples and 67 environmental samples, which had been collected from the residential areas of patients with clinical P. marneffei infection.
These samples were evaluated using a modiﬁed ﬂotation
method combined with mouse inoculation to isolate the fungus from the environmental samples [30]. Penicillium marneffei was isolated from one soil sample obtained from a
burrow of R. sumatrensis rats using this method [27]. The
other environmental samples were negative.
It is somewhat curious that the prevalence of P. marneffei
infection among bamboo rats is very high in the numerous
surveys that have been reported in the literature, yet the fungus has not been isolated from any other animal in nature.
This observation might reﬂect the animals that are selected
for study, since other species have not been extensively studied. However, in part this ﬁnding might also reﬂect the fact
that the range of the two genera of bamboo rats, Rhizomys
and Cannomys, coincides with the environmental soil reservoir of P. marneffei [31] (Fig. 2). Furthermore, bamboo rats
inhabit remote mountainous areas and have extensive soil
contact when they burrow. The common isolation of P. marneffei from the lungs of infected animals and the rarity of
recovery of the organism from the gastrointestinal tract suggests that P. marneffei infection is commonly acquired by
these animals by inhaling conidia rather than by ingestion.
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Table 1 Prevalence of Penicillium marneffei infection in trapped bamboo rats in Asia
Species
Positive/tested (%)
Country
References
Rhizomys sinenis
(Chinese bamboo rat)

1/1 (100)
2/2(100)

Vietnam
China

Capponi et al. [1]
Deng et al. [23]

Rhizomys pruinosus
(Hoary bamboo rat)

37/41 (90)
15/16 (94)
114/179 (64)
6/8 (75)

China
China
China
Thailand

Deng et al. [24]
Li et al. [8]
Wei et al. [25]
Ajello et al. [26]

Cannomys badius
(Bay bamboo rat or lesser bamboo rat)

6/31 (19)
3/61 (5)
10/110 (9)

Thailand
Thailand
India

Ajello et al. [26]
Chariyalertsak et al. [27]
Gugnani et al. [28]

Rhizomys sumatrensis
(Sumatran bamboo rat)

13/14 (93)

Thailand

Chariyalertsak et al. [27]

Fig. 2 Endemic areas for Penicillium marneffei

In a recent report from India 10 (9.1%) of 110 C. badius
bamboo rats from Manipur were infected with P. marneffei,
whereas 72 rodents of other species, including Bandicota
bengalensis, Rattus norvegicus, Rattus rattus, Rattus nitidus,
and Mus musculus were all negative. Since these rats were all
collected from the same geographic area, and were studied
with similar methods, the data suggest that bamboo rats may
have increased susceptibility to infection. One bamboo rat
isolate had an identical multilocus microsatellite typing pattern to a human isolate from this area [28].
A case-control study compared patients with AIDS who
had P. marneffei infections to AIDS patients with negative
P. marneffei cultures in order to help understand the risk factors
associated with infection [32]. This study included 80
patients with penicilliosis and 160 control AIDS patients
who were admitted to Chiang Mai University Hospital in
northern Thailand between December 1993 and October
1995. The main risk factor was occupational soil exposures,
especially during the rainy season. Both cases and controls
often were familiar with and had seen bamboo rats; 31.3% of
cases and 28.1% of controls had eaten bamboo rats but these

differences were not signiﬁcant. The most tenable hypothesis
at present is that P. marneffei infections, both in humans and
bamboo rats, are acquired from a common soil reservoir.
Disseminated P. marneffei infections in northern Thailand
have been markedly seasonal with a doubling of cases during
the rainy season [22]. This seasonality contrasts with C. neoformans infection in AIDS patients, which has shown a
steady increase during the 1990s as the number of AIDS
cases has increased but is not associated with seasonality.
This seasonality suggests that many P. marneffei infections
in AIDS patients may be acquired recently. Also, the environmental reservoir for P. marneffei appears to expand during
the rainy season. Penicilliosis, while occurring in AIDS
patients throughout Thailand, is much more common in the
upper northern areas of the country [33]. Whereas penicilliosis accounted for nearly 7.0% of AIDS-deﬁning illnesses in
northern Thailand, penicilliosis was seen in only 0.4–1.0%
of AIDS patients in other regions of the country. A total of
8,393 patients (2.4%) with disseminated P. marneffei infections were reported to the Ministry of Health of Thailand
among 358,260 HIV/AIDS cases reported between September
1984 and October 2009 (website, Department of Disease
Control, Ministry of Public Health, Thailand).

Organism
Penicillium marneffei grows as a mould on Sabouraud’s dextrose agar at 25°C. The mycelial form of the organism is quite
variable with green/yellow color with a reddish center. The
reverse side of the colony becomes red-brown, and a soluble
red pigment diffuses into the agar (Fig. 3). Microscopic
examination of the mycelial colony reveals hyaline, septate,
branched hyphae with branched conidiophores, or penicilli
(Fig. 4). The conidiophores consist of basal stripes with terminal verticils of 3–5 metulae. Each metula has 3–16 phialides.
The conidia are oval, smooth-walled, and are 3 Pm × 2 Pm.
They are formed basipetally in chains from each phialide.
When the organism is transferred to brain–heart infusion agar
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Recent phylogenetic analysis of nucleotide sequences of
nuclear and mitochondrial ribosomal DNA has found that
P. marneffei is closely related to species of Penicillium subgenus
Biverticillium and sexual Talaromyces species with asexual
biverticillate states [36]. This genetic analysis allowed the
design of unique oligonucleatide primers for the speciﬁc
ampliﬁcation of P. marneffei DNA.
Penicillium marneffei requires an organic source of nitrogen for mycelial growth. Casein hydrolysate, peptone, and
asparagine are utilized, whereas NaNO3 and (NH4)2 PO4 are
not. Glucose, lactose, xylose, maltose, laevulose, and mannitol are used as carbon sources. The organism is sensitive to
cycloheximide [37]. Investigators have biotyped 32 clinical
isolates of P. marneffei and found 17 different biotypes [38].
However, none of the biotypes correlated with the clinical
characteristics of the infection.

Pathogenesis
Fig. 3 Mould form of Penicillium marneffei plated on Sabouraud’s
dextrose agar after incubation at 25°C for 5 days, showing the characteristic soluble red pigment that has diffused into the medium

Fig. 4 Mould form of Penicillium marneffei grown on Sabouraud’s
dextrose agar at 25°C. Note the hyaline septate branching hyphae with
branched conidiophores, or penicilli, and terminal conidia (600×)

and incubated at 37°C, white to tan-colored colonies of the
yeast form develop; no diffusible pigment is produced. Under
the microscope the yeasts are unicellular, pleomorphic, elliptical to rectangular cells, which are approximately 2 Pm × 6 Pm
in diameter and divide by ﬁssion. One or occasionally two
septae are seen in the yeast cells.
The organism was ﬁrst studied in 1959 [2]. Penicillium
marneffei was originally classiﬁed among Penicillium species
in the section Asymmetrica, subsection of Divaricata in Raper
and Thom’s taxonomic classiﬁcation of Penicillium species [34].
Pitt later placed P. marneffei in the subgenus Biverticillium [35].

Penicillium marneffei infection results from the inhalation
of infectious spores or hyphal fragments from the mould
form of the organism. At body temperatures (35–37°C),
the fungus converts to the yeast form which is disseminated
by hematogenous means. The organism primarily infects
the reticuloendothelial system, commonly involving liver,
spleen, lymph nodes, bone marrow, bone, skin, and lungs.
Penicillium marneffei conidia bind to the extracellular matrix
protein laminin via a sialic acid-dependent process [39].
Also, P. marneffei conidia bind to ﬁbronectin, but the binding
is less than that to laminin. This binding is also sialic aciddependent [40]. Similar to other pathogenic dimorphic
fungi, the initial host response to P. marneffei is histiocytic
in nature. The infected histiocytes contain anywhere from a
few to many globose to oval yeast cells of P. marneffei of
fairly uniform size. In the immunocompetent host, the
immune response leads to the formation of granulomas that
include histiocytes, lymphocytes, plasma cells, and multinucleated giant cells. In patients whose cellular immunity is
compromised, tissue necrosis occurs with little or no granuloma formation. Necrotic lesions are surrounded by histiocytes containing yeast cells. Many extracellular yeasts are
also present, which are longer and may be irregular in shape
compared to intracellular organisms. This histopathologic
appearance is common in patients with disseminated penicilliosis. As the infection progresses, the intracellular fungi
are released after cellular disruption, and abscess formation
and necrosis may occur.
In histologic specimens, neither the cell wall nor the cytoplasm of P. marneffei cells takes up hematoxylin eosin stain
well. Thus, in routine stained sections, the organisms may
appear to be encapsulated. However, the cell walls and septae
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are readily stained with Gomori methenamine-silver or periodic
acid-Schiff stains. The P. marneffei organisms in histiocytes
resemble H. capsulatum var. capsulatum. However, when
found extracellularly, P. marneffei is usually considerably
larger than H. capsulatum. The extracellular P. marneffei
organisms are elongated, sometimes curved, and measure up
to 8–13 Pm in length. In contrast, yeast cells of H. capsulatum var. capsulatum are smaller in size, measuring 2–4 Pm.
By contrast, H. capsulatum var. duboisii cells are larger, measuring 6–17 Pm. P. marneffei organisms characteristically
contain a single transverse septum and divide by schizogony
(ﬁssion), whereas Histoplasma divide by budding (Table 2).
Chronic latent infections with P. marneffei are likely to
be common among persons exposed in areas where the
organism is endemic. This hypothesis is supported in part
by analogy with histoplasmosis pathogenesis and by the
long latent periods in some patients between exposure in an
endemic area and the onset of clinical infection subsequent
to immunosuppression from HIV infection [12, 47].
However, no laboratory methods have been reported to
detect latently infected individuals. The development of a
skin test or other methods to detect delayed-type hypersensitivity has not been reported for P. marneffei. The normal
host develops a cell-mediated immune response to P. marneffei [23]. The role of T lymphocytes in host defenses
against P. marneffei has been evaluated in mice experimentally depleted of CD4+ T lymphocytes [48]. These mice
developed disseminated infections similar to those seen in
AIDS patients. In addition, the in vitro interaction of P.
marneffei with human leukocytes demonstrated that monocyte-derived macrophages recognize and phagocytose P.
marneffei even in the absence of opsonization [49].
However, serum factors are required to stimulate TNF-D
production. The organisms are able to survive as intracellular pathogens within macrophages. One mechanism of
survival is by inhibiting the production of reactive oxygen
metabolites or by neutralizing inhibitory host metabolites
[50]. The production of acid phosphatase is one of the virulence factors which protects the intracellular P. marneffei

from the respiratory burst. Histoplasma capsulatum has
three catalase genes which detoxify hydrogen peroxide
[51]. Also, an antigenic catalase-peroxidase protein encoding gene (cpeA) in P. marneffei was recently isolated by
antibody screening of a cDNA yeast-phase library of this
organism [52]. The high expression of this cpeA gene at
37°C may contribute to the survival of this fungus within
host cells. Recently a copper-zinc superoxide dismutase
encoding gene has been described and characterized in P.
marneffei [53]. This polypeptide enzyme has the ability to
neutralize toxic levels of reactive oxygen species within the
macrophage, thereby allowing the intracellular survival of
the organism. Additional research on the sequence of
phagocytosis and killing or persistence of P. marneffei is
needed in order to better understand the natural history and
pathogenesis of this infection.
Studies of fungal pathogenesis have included heat shock
responses during phase transition as an adaptation response to
a higher incubation temperature or to the presence of other
noxious stimuli [54, 55]. Recently, hsp70, the gene encoding
heat shock protein 70 (Hsp70), was cloned and characterized
from P. marneffei [56]. Expression of hsp70 is upregulated during temperature-induced and heat shock condition. Moreover,
protein proﬁling of both mould and yeast phases of P. marneffei
demonstrated the same Hsp70 expression pattern [57, 58].
Expression of a small heat shock protein gene, P. marneffei
Hsp30, in response to temperature increase was recently
reported [59]. A high level of hsp30 transcript was detected in
yeast cells grown at 37°C, whereas a very low or undetectable
transcript level was observed in mycelial cells at 25°C. A
recombinant Hsp30 protein was produced and tested preliminarily for its immunoreactivity with sera from P. marneffeiinfected AIDS patients using Western blot analysis. The
positive immunoblot result with some serum samples conﬁrmed the antigenic property of the Hsp30. Collectively, the
high response of hsp70 and hsp30 to temperature increase
could indicate that they may play a role in heat stress response
and cell adaptation, thereby enabling the parasitic growth of P.
marneffei in host cells.

Table 2 Microbiologic characteristics of Penicillium marneffei and Histoplasma capsulatum
Characteristic
P. marneffei
H. capsulatum
Morphologic features
Distribution
Tissue form
Size; intracellular (Macrophages)
Extracellular

Biphasic (mould form at 25–30°C,
yeast form at 35–37°C)
Southern China and Southeast Asia
Yeast
2–3 × 2–6 Pm
2–3 × 8–13 Pm, elongated, curved
Septae visible with GMS stain

Cell division
Speciﬁc exoantigen

Schizogony (ﬁssion)
Positive

Biphasic (mould form at 25–30°C, yeast form at 35–37°C)
Worldwide (N. America, S. America, Asia, Africa (H. duboisii))
Yeast
2–3 × 2–3 Pm
Smaller 3–4 Pm,
diameter
(H. duboisii larger,
6–17 Pm diameter)
No septae
Budding
Positive
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Another possible host-pathogen factor that may play a
role in virulence is pigment production. The red pigment of
P. marneffei, which is synthesized only by the mould phase
and is similar to that produced by the nonpathogenic species
Penicillium herquei [60], is not considered a virulence factor.
However, melanins are known virulence factors for many
pathogenic fungi [61]. Most fungal melanins are synthesized
by either the 3,4-dihydroxy-L-phenylalanine (L-DOPA) or
dihydroxynapthalene pathways. Collectively, these dark pigments appear to function in a variety of protective roles,
including the inhibition of killing by phagocytes. Like other
fungal pathogens, yeast cells of P. marneffei have been shown
to produce L-DOPA melanin in vivo [62]. Further experimentation will be needed to assess whether melanin may be
involved in the virulence of P. marneffei.
The collective data described above reveal some insights
into the pathogenesis of P. marneffei that will need more
investigation for the functions of those reported genes or factors involved in phase transition and virulence. Such knowledge may lead to better chemotherapeutic interventions of
P. marneffei infection.

Clinical Manifestations
Clinically apparent infection with P. marneffei occurs most frequently in patients who are severely immunocompromised
from an HIV infection. However, infections may also occur in
healthy persons or in those immunocompromised for reasons
other than HIV/AIDS [63, 64]. Serologic evidence of subclinical
infection in a laboratory technician working with the organism
has been demonstrated [65]. It is likely that subclinical infections may occur commonly in persons living in endemic areas
who are exposed to the organism in nature; however, there is no
method to document subclinical infections at present.
Disseminated infections have been documented among individuals who have not had contact with areas where the organism is endemic for more than a decade [12].
Typical symptoms and signs of disseminated penicilliosis include fever, malaise, marked weight loss, generalized
lymphadenopathy, hepatosplenomegaly, and cough [19,
21]. These nonspeciﬁc symptoms are commonly experienced by patients with other chronic infections, such as
tuberculosis and other disseminated mycoses. In addition,
over 70% of HIV-infected patients with disseminated P.
marneffei infections present with skin lesions, which are
typically symmetrical lesions on the face, chest, and
extremities. They appear originally as papules and subsequently become umbilicated, and may become necrotic
(Figs. 5–7). Some patients may have smaller, nearly conﬂuent papules, which resemble acne vulgaris or seborrhea.
Although skin lesions are more common in patients with P.
marneffei infection than in those with histoplasmosis or
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cryptococcosis, the appearance of these lesions is not sufﬁciently characteristic to be diagnostic. However, a diagnosis can be made by examining a Wright’s stain of a skin
biopsy or skin smear.
Patients with HIV infection who have disseminated penicilliosis are usually severely immunosuppressed with CD4+
cell counts below 100 cells/PL; the mean CD4+ cell count in
one series of cases was 63.8 cells/PL [64]. Disseminated
penicilliosis infections have been reported in children with
AIDS who lived in an endemic area [66]; however, the incidence appears to be lower in pediatric than in adult AIDS
cases, probably because of less frequent exposure to an environmental reservoir among children. One study reported 5
cases of penicilliosis among 157 pediatric AIDS cases diagnosed in northern Thailand [66].

Unusual Clinical Manifestations
As the pandemic of HIV/AIDS spread in Asia and penicilliosis was more widely recognized, an increasing number of
patients have been reported with unusual manifestations of
P. marneffei infections. Patients with chronic lymphadenopathy resembling tuberculous lymphadenopathy have been
reported from Hong Kong [67]. Osteomyelitis has been
reported in infected adults and may be more common in
pediatric patients infected with P. marneffei [66, 68]. Some
patients have prominent pulmonary symptoms, including
localized bronchopulmonary disease, bronchopneumonia,

Fig. 5 Patient with disseminated penicilliosis and small papular skin
lesions with umbilication and early central necrosis
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whether or not the patients were HIV infected; patients who
were untreated had very high mortality rates irrespective of
their HIV status [75].
Investigators from Hong Kong compared the clinical and
laboratory features of eight HIV-positive and seven HIVnegative patients with penicilliosis [76]. Most of the HIVnegative patients (85.2%) had underlying diseases, including
hematologic malignancies, or had received corticosteroids or
cytotoxic drugs. The clinical features were not greatly different in the two groups of patients. However, HIV-infected
patients had a higher prevalence of fungemia. The investigators, utilizing a P. marneffei-speciﬁc mannoprotein, Mp1p
EIA, found that serum antigen titers were higher in HIVpositive patients, whereas serum antibody levels were higher
in HIV-negative patients.
Fig. 6 Young man with disseminated penicilliosis and papulo-umbilicated skin lesions of varying sizes

Diagnosis
The diagnosis of penicilliosis rests on the demonstration of
the organism in the tissues or the isolation of the organism in
cultures from infected patients.

Cultures

Fig. 7 Papulonecrotic skin lesions seen in a patient with disseminated
penicilliosis

cavitary lung disease, and pleural effusions [69, 70]. A retropharyngeal abscess with upper airway obstruction has also
been observed [71]. One patient had reactive hemophagocytic
syndrome characterized by the proliferation of activated histiocytes throughout the reticuloendothelial system [72].
Rarely, P. marneffei has been noted to cause oral [73] and
genital ulceration [74].

Penicilliosis in HIV-negative Patients
Although most patients with disseminated penicilliosis infection are severely immunocompromised due to AIDS, some
patients are HIV negative. Cooper and Haycocks reviewed
63 penicilliosis cases that had been reported in HIV-negative
patients. Twenty-four of the 63 patients (38%) had other
conditions predisposing them to a systemic fungal infection.
The response to antifungal therapy did not differ substantially

The organism grows readily on routine mycologic media,
such as Sabouraud dextrose agar or inhibitory mould agar.
When cultures are incubated at 25–30°C, P. marneffei grows
as a mould with typical ﬁlamentous reproductive structures
of the genus Penicillium. The mould form produces a pink or
rose-red pigment that diffuses into the medium (Fig. 3).
Other Penicillium species may also produce a pigment [77].
Therefore, conversion of an organism to the yeast form is
required before concluding the isolate is P. marneffei. The
organism grows as a yeast when incubated at 35–37°C. This
form does not produce a red pigment. When incubated at this
temperature, the organism undergoes transition into the yeast
phase after 12–24 h or so of incubation. The conidia swell
and develop into septate hyphae. These hyphae fragment and
develop single cells that divide by schizogony (ﬁssion). The
conversion of the mycelial phase of the organism into the
ﬁssion yeast phase at higher incubation temperatures is diagnostic of P. marneffei. No other Penicillium converts to the
yeast phase when incubated at 35–37°C. In addition, an
exoantigen test for P. marneffei has been described, which
can also be used to identify cultures of the organism [37].
The organism can be isolated from several sites, including
skin, blood, bone marrow, lymph nodes, and sputum. In a
population of patients in northern Thailand with disseminated penicilliosis, the organism was isolated from the blood
cultures of 76% of 78 patients [20]. However, the blood
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cultures were positive for gram-negative bacilli (Salmonella
choleraesuis, S. enteritidis, and Shigella ﬂexneri) in 9 of the
19 patients whose cultures did not yield P. marneffei. Since
these gram-negative organisms grow more rapidly, they
could have outgrown the fungus and been responsible for a
false-negative culture for P. marneffei.

Histopathology
Detection of the organism in biopsies or touch smears of skin
lesions or bone marrow aspirates is often possible. A presumptive diagnosis can be made if microscopic examination of a
Wright or Giemsa-stained specimen discloses intracellular or
extracellular basophilic, spherical, oval, and elliptical yeast-like
organisms that are 3–8 Pm in diameter, and if the organisms
have a clear central septation and are dividing by schizogony
(ﬁssion) (Fig. 8). Histoplasma capsulatum can resemble P.
marneffei, but H. capsulatum divides by budding and is usually
smaller. Occasionally P. marneffei can be detected in stained
smears of peripheral blood [70]. Recently several investigators
have reported the identiﬁcation of P. marneffei nucleic acids in
clinical specimens as a diagnostic method [78–81].
The use of an exoantigen test has been described for the
identiﬁcation of P. marneffei and its differentiation from other
species of Penicillium [37, 82]; however, the test is not widely
used because commercial reagents are not available.
Investigators have described the use of a monoclonal antibody
in formalin-ﬁxed tissues to detect a speciﬁc galactomannan
that has an epitope common to P. marneffei and Aspergillus
species [83]. The two invasive fungi must then be differentiated
using morphologic criteria. Workers have also reported the use
of a specific fluorescent antibody that will differentiate
P. marneffei from other dimorphic fungi in tissue sections [84].

Serology
Several investigators using different methodologies have
reported the detection of antibodies to P. marneffei antigens in
infected patients. A study in an HIV-infected patient found P.
marneffei antibodies in serum specimens using immunodiffusion methods with a mycelial phase culture ﬁltrate as antigen
[48]. Similar antibodies were found in immunocompetent
patients infected with P. marneffei [85]. Immunodiffusion has
been used to detect antibodies to speciﬁc ﬁssion arthroconidial ﬁltrate antigens; however, only 2 of 17 P. marneffeiinfected patients had antibody responses with this assay [86].
An indirect ﬂuorescent antibody test for P. marneffei successfully detected antibodies in eight infected patients and was
negative in uninfected controls [87]. Serum antibodies were

Fig. 8 Bone marrow aspirate showing numerous basophilic bipolar
intracellular and extracellular Penicillium marneffei organisms in the
yeast form. The organisms divide by ﬁssion (schizogony) and are
3–8 Pm in diameter (Wright’s stain, 400×)

detected by ELISA to a puriﬁed recombinant mannoprotein
of P. marneffei in 14 of 17 (82%) HIV-infected patients with
documented infection [88]. No false-positive results were
found in 90 healthy blood donors, 20 patients with typhoid
fever, or 55 patients with tuberculosis.
The protein antigens of yeast and mould phases of P.
marneffei have been studied by gel electrophoresis and
immunoblot assays [89]. More than 20 yeast phase proteins
were detected, of which 10 reacted with IgG in the pooled
sera of 28 AIDS patients with P. marneffei infection. Four
immunogenic proteins of 200, 88, 54, and 50 kDa size were
produced in large quantity by cultures in the early stationary
growth phase. Antibodies to two of these proteins, 54 and
50 kDa, were detected by immunoblot in about 60% of P.
marneffe-infected AIDS patients but rarely (<5–10%) in
AIDS patients without penicilliosis or other controls. One
patient’s serum was strongly positive 2 months prior to a
clinical P. marneffei infection, and one asymptomatic laboratory worker working with P. marneffei cultures was antibody
positive. Further studies of these proteins and a 61-kDa antigen after puriﬁcation found that 86% of sera from 21 P.
marneffei-infected patients recognized the 61-kDa, and 71%
and 48% recognized the 54-kDa and 50-kDa antigens,
respectively [90]. Other investigators have identiﬁed a
38-kDa antigen from P. marneffei that was recognized by
45% of sera from AIDS patients with penicilliosis [91].

Antigen Detection
Several investigators have described methods to detect P.
marneffei antigens in serum or urine of infected patients as a
method to conﬁrm the diagnosis prior to the isolation of the
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organism in culture. Evaluation of immunodiffusion and
latex agglutination tests to detect antigenemia in 17 P. marneffei-infected patients yielded positive results in 58.8% of
infected patients with the immunodiffusion test and 76.5%
of patients with the latex agglutination test [86]. Fifteen controls and six patients with cryptococcosis and histoplasmosis
were nonreactive. A solid-phase enzyme immunoassay utilizing antibody to H. capsulatum var. capsulatum to detect
H. capsulatum antigen in the urine of actively infected
patients was cross-reactive with P. marneffei in 17 of 18
patients [92]. This assay also was commonly positive in
patients with Blastomyces dermatitidis and Paracoccidioides
brasiliensis infections.
Desakorn and colleagues reported the development of a
method for quantifying P. marneffei antigen in the urine
using ﬂuorescein isothiocyanate-labeled puriﬁed rabbit
hyperimmune immunoglobulin G in an enzyme immunoassay [93]. These investigators studied 33 patients with culture-proven P. marneffei infection and 300 controls, including
52 healthy subjects and 248 hospitalized patients in northeast
Thailand with a variety of other infections, including melioidosis (N = 168), other septicemias (N = 12), other fungal
infections (N = 34), and miscellaneous conditions (N = 34).
All of the patients with penicilliosis had measureable antigen
in the urine, and in all but two patients, the titers were over
1:40; the median titer was 1:20,480. Whereas 27% of the
hospitalized controls and 6% of healthy subjects were positive, the titers were usually below 1:40 in these control
groups, leading the investigators to propose a diagnostic cutoff titer of 1:40, which yielded an assay that was 97% sensitive and 98% speciﬁc and had a positive predictive value of
84.2% and a negative predictive value of 99.7%.
A follow-up study using this antigen assay in 37 P. marneffei-infected patients and 300 controls using ELISA, dotblot ELISA, or latex agglutination (LA) to detect P. marneffei
antigen in the urine found sensitivities of 94.6% (dot-ELISA),
97.3% (ELISA), and 100% (LA) and speciﬁcities of 97.3–
99.3%) [94]. Huang et al. reported that a Platelia Aspergillus
enzyme immunoassay kit (BioRad) to detect serum galactomannan in patients with P. marneffei had a sensitivity of
73.3% [95].

Molecular Diagnosis
Molecular diagnosis in P. marneffei is based on speciﬁc oligonucleotide primers designed from the internally transcribed spacer and 5.8 S rRNA gene (ITS1-5.8 S-ITS2) of P.
marneffei. The speciﬁcity of these P. marneffei primers was
tested in a nested PCR [36], and the method was used successfully to identify P. marneffei from a skin biopsy [96]. An
oligonucleotide probe, based on the 18 S rDNA of P. marneffei,
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has been designed and has proved speciﬁc for P. marneffei in
a PCR-hybridization reaction, regardless of whether the fungus was isolated from humans or natural habitats [97]. This
technique could be used to detect P. marneffei DNA in
EDTA-blood samples collected from AIDS patients with P.
marneffei infection. Although the method was shown to be
highly sensitive and speciﬁc, the hybridization technique as
described is labor intensive and requires a high level of competence in the laboratory.
To address these concerns, single and nested PCR methods
for the rapid identiﬁcation of P. marneffei were then developed using newly designed speciﬁc primers, also based on the
18 S rDNA sequence of P. marneffei [98]. The sensitivities of
single and nested PCR were 1.0 pg/PL and 1.8 fg/PL, respectively, and successful discrimination of a very young culture
of P. marneffei (2-day-old ﬁlamentous colony, 2 mm in diameter) could be performed by the use of this assay. The test has
been applied to detect the DNA of P. marneffei in patients’
serum samples [79, 80] and also in parafﬁn-embedded tissues
[81] from patients and bamboo rats. This PCR method appears
to be a valuable, rapid, and complementary technique for the
diagnosis of P. marneffei infection.
Finally, several investigators have reported methods using
restriction enzymes to subtype P. marneffei isolates. The use
of HaeIII restriction enzymes to digest P. marneffei DNA
yielded two DNA proﬁles (RFLP types I and II) [99]. More
recently, the use of NotI and pulsed-ﬁeld gel electrophoresis
(PFGE) was used to study the genomic DNA of 64 P. marneffei isolates from patients in Thailand [100]. A total of 54
distinct macrorestriction proﬁles were identiﬁed in these
patients. Antifungal sensitivity tests, restriction fragmentlength polymorphism, and randomly ampliﬁed polymorphic
DNA patterns in combination have been utilized to subtype
24 strains isolated between 1987 and 1998 from patients in
Taiwan [101]. The investigators identiﬁed eight highly
related patterns and found increased numbers and diversity
of strains isolated between 1996 and 1998 compared to those
isolated prior to 1996.

Treatment
Disseminated penicilliosis is usually fatal if not treated with
appropriate antifungal drugs. However, with early diagnosis
and institution of appropriate therapy the mortality rate can
be reduced to 10–20% or lower, even among patients with
AIDS. Relapse is commonly seen after clinical response
among immunocompromised patients unless suppressive
doses of antifungal agents are continued.
The in vitro susceptibility of P. marneffei to antifungal
agents has been evaluated by several investigators (Table 3).
A study of 30 clinical isolates from Thailand found that all
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Table 3 In vitro drug susceptibility (MIC, range) of Penicillium marneffei
References
Number of isolates
Amb
Flu

Itra

3
0.78–3.12
ND
ND
Jayanetra et al. [5]
10
<0.195–1.56
0.195–100
<0.195
Sekhon et al. [41]
10
0.04–1.6
50
d0.04
Drouhet [42]
Supparatpinyo et al. [43]
30
0.25–4.0
d0.313–20
d0.02–0.078
Imwidthaya et al. [44]
30
0.125–0.5
4.0–8.0
<0.032
7
d0.03
Radford et al. [45]
Sar et al. [46]
29
0.002–2.0
1.50–256.0
0.002–0.23
Amb amphotericin B, Flu ﬂuconazole, Itra itraconazole, Keto ketoconazole, Vor voriconazole

were susceptible to itraconazole, ketoconazole, and miconazole [43]. The organisms were intermediately susceptible to
amphotericin B and least susceptible to ﬂuconazole. Some
strains were resistant to ﬂuconazole. A study of 29 isolates
from AIDS patients in Cambodia and 10 isolates from the
lungs of bamboo rats found similar sensitivities to antifungal
drugs to the report from Thailand [46]. The in vitro sensitivity of P. marneffei to voriconazole is similar to that of itraconazole [45]. Clinical responses to therapy correlate with
in vitro susceptibility. Amphotericin B has been shown to be
effective in the treatment of disseminated penicilliosis [102];
however, the drug needs to be continued for at least
6–8 weeks. Itraconazole is also effective clinically, but clearance of positive fungal cultures is often delayed for 8 weeks
or more [103].
Therapy with voriconazole given intravenously at 6 mg/
kg on day 1, 4 mg/kg the next 2 days, and then orally at 200–
400 mg twice daily yielded good treatment results in nine of
ten evaluable patients [104]. However, the reported experience with voriconazole therapy of P. marneffei is limited.
Based upon these clinical results and in vitro data on the
antifungal susceptibility of P. marneffei, an open-label noncomparative study was done to evaluate the regimen of
amphotericin B given intravenously for 2 weeks at 0.6 mg/
kg/day followed by itraconazole 400 mg/day taken orally for
10 weeks. This regimen was evaluated in the hope of minimizing the duration and toxicity associated with parenteral
amphotericin B while concurrently clearing the fungal cultures more rapidly than with oral itraconazole alone [102].
Of 74 HIV-positive patients with disseminated pencilliosis
treated with this regimen, 72 (97.3%) responded. No serious
adverse drug effects were observed. After 2 weeks of therapy, 12 patients remained febrile and 11 patients still had
skin lesions. By the fourth week of therapy, all patients were
afebrile and had resolved their skin lesions. Fungemia was
cleared after 2 weeks of treatment in the 65 patients who had
a positive blood culture at baseline [102].
Since most patients who present with P. marneffei have
advanced immunosuppression at the time of diagnosis, initiation of antiretroviral therapy (ART) is recommended in all
patients unless there is clear contraindication. The appropriate time for initiation of ART in HIV patients with active
opportunistic infection is still controversial. However, ART

Keto

Vor

ND
0.195–0.39
d0.04
0.002–0.078
<0.125
d0.03
0.002–0.19

should be initiated within approximately 2–8 weeks of antifungal therapy in order to match the beneﬁt seen with earlier
ART in other opportunistic infections [105].
The immune restoration inﬂammatory syndrome (IRIS)
has been reported uncommonly in HIV patients with P.
marneffei infection. [106–108] It usually occurs within a few
weeks or months after starting ART, suggesting a possibility
of immune reconstitution unmasking active disease.
Antiretroviral therapy should be continued even if the IRIS
occurs. In patients with severe symptomatic IRIS, shortcourse glucocorticosteroids may be useful [105].
Despite the favorable initial responses to therapy with
amphotericin B and itraconazole, relapses are common after
antifungal therapy is discontinued in patients with AIDS
who have low CD4 counts [43]. Therefore, continued suppressive therapy is required to prevent relapse in patients
with disseminated penicilliosis who respond to initial therapy. Suppressive therapy is probably required in AIDS
patients for as long as signiﬁcant immunocompromise persists. In a controlled trial of 71 HIV-infected patients with
penicilliosis in Thailand who were not receiving retroviral
therapy, 20 (57%) of 35 patients assigned to the placebo
group relapsed, whereas none of 36 patients given suppressive itraconazole 200 mg once daily relapsed (p < 0.001)
[109]. The therapy was well tolerated, and the patients in this
trial were very compliant with treatment. Suppressive antifungal therapy may be discontinued safely in HIV-infected
patients who are treated with ART drugs and respond with
clinically signiﬁcant increases in their CD4 counts [110].
In areas where systemic fungal infections such as P.
marneffei, H. capsulatum, C. neoformans, and other fungal
infections are common AIDS-associated opportunistic
infections, primary prophylaxis against these infections
should be considered. In northern Thailand HIV infections
are common, involving 2–3% of the general population.
Moreover, disseminated fungal infections, especially these
due to P. marneffei, C. neoformans, and H. capsulatum, are
also common, accounting for over a third of the reported
AIDS-deﬁning illnesses in this population [33]. In order to
evaluate the efﬁcacy of primary prophylaxis to prevent
systemic fungal infection in this population, a clinical trial
was done in 129 patients who were HIV positive, had CD4
cell counts <200 cells/PL, and had not experienced a systemic
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fungal infection. Patients were randomized to receive oral
itraconazole (200 mg/day) or a matched placebo [63].
Systemic fungal infections developed in 1 (1.6%) of 63
patients assigned to itraconazole and 11 (16.7%) of 66
patients assigned to placebo (p = .003). In the placebo
group, 7 patients developed cryptococcosis and 4 had penicilliosis. The one patient in the itraconazole group who
became infected developed penicilliosis. Clearly, prophylaxis to prevent systemic fungal infections is only necessary in AIDS patients whose HIV infection is not effectively
treated with ART. Several clinical trials have clearly shown
that patients with systemic pneumocystis [111], cryptococcosis [112], or histoplasmosis [113] are not at risk of
relapse of their infection if they have a satisfactory response
to HIV therapy.
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Part VI

Mycoses Involving Skin and Subcutaneous Tissues

Eumycetoma
Beatriz Bustamante and Pablo E. Campos

Mycetoma is a chronic subcutaneous infection that develops after one of the multiple etiologic microorganisms is
inoculated into a site of skin trauma. Although mycetoma
is primarily a subcutaneous disease, it can involve bone
and lymph nodes by contiguous spread. Mycetoma shows
three clinical characteristics: tumor, sinuses, and grains.
The tumor results as a consequence of a progressive and
relatively painless swelling. Sinuses are a characteristic of
the disorder; they can be absent in early stages, but later
develop and drain purulent material and grains. Grains are
colonies of the causative agent and can be black, white, or
red. Mycetoma can be caused by a variety of fungal agents
(eumycetoma), or ﬁlamentous gram-positive branching
bacteria belonging to the aerobic Actinomycetales
(actinomycetoma).
Gill ﬁrst described mycetoma while working in Madura,
India, in 1842, and this was subsequently documented by
Godfrey in Madras [1]. Gill reported this entity as “foot
tumor,” and Colenbrook introduced the term “Madura foot”
in 1846. Ballingal described the microscopic details of the
disease for the ﬁrst time in 1855; however, he did not deﬁne
its etiology. In 1860, Carter described a disease principally
affecting the foot and assigned a fungal origin to this disease
in 1861 [2]. He also introduced the term mycetoma, meaning
“fungus tumor,” and extended the concept to include infections with grains that had colors other than black. During the
second half of the nineteenth century, mycetomas were
reported throughout the world: in Europe in 1888, in Africa
in 1894, and in the USA in 1896.
The hyphomycete isolated from a black grain was given
the generic name Madurella by Brumpt [3]. In 1913, Pinoy
subclassiﬁed this disease into two categories: “actinomycosis” and “true mycetoma” according to the type of etiologic
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agent [4]. In 1916, Chalmers and colleagues coined the term
maduromycoses for the ﬁrst time to refer to mycetomas of
fungal etiology, rejecting the term “Madura foot” to include
extrapedal forms of this disease [5,6]. Even though distinction between eumycetomas and actinomycetomas was
achieved at this time, the term mycetoma is still used to refer
to both entities, and most of the published literature has
mixed these terms, making it difﬁcult to draw clear conclusions about these distinct disorders.
Despite the acquisition of considerable new knowledge concerning this disease during the last century, including the identiﬁcation of new agents by the use of novel molecular techniques,
there are still important gaps in information regarding eumycetoma, mainly related to pathogenesis and management. The
goal of this chapter is to review the epidemiologica and clinical
aspects of eumycetoma, also known as eumycotic mycetoma.

Organisms and Epidemiology
More than 20 hyaline and pigmented moulds can cause eumycetomas (Table 1). Madurella mycetomatis is the predominant pathogen worldwide, followed by Pseudallescheria
boydii/Scedesporium apiospermum, Leptosphaeria senegalensis, and Madurella grisea [7]. These four fungi account for
approximately 95% of eumycetoma cases. S. apiospermum
has been considered the anamorph (the asexual state) of
P. boydii; but new molecular studies indicate they are two different species, and that P. boydii is a complex that includes at
least eight phylogenetic species [8,9]. However, most of the
existing literature does not differentiate between the species,
and their individual involvement in human infections has not
been determined. Hereafter, we will use the name P. boydii
complex when referring to P. boydii or to S. apiospermum.
Although eumycetoma has been reported worldwide,
most of the cases come from tropical and subtropical regions
around the Tropic of Cancer, between 15° south and 30°
north [10], with sporadic cases occurring in temperate zones.
Over 60% of all cases are reported from India, Sudan, and
Senegal [11–18]. Endemic regions are characteristically arid
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Table 1 Eumycetoma etiologic agents and their geographic distribution
Etiologic agents
Geographic distribution
Black Grain Eumycetomas
Cladophialophora bantiana
Corynespora cassiicola
Curvularia lunata
Exophiala jeanselmei
Leptosphaeria senegalensis
Leptosphaeria tompkinsii
Madurella grisea
Madurella mycetomatis

Phialophora verrucosa
Pyrenochaeta mackinnonii
Pyrenochaeta romeroi
White to Yellow Grain
Eumycetomas
Acremonium falciforme
Acremonium kiliense
Acremonium recifei
Arthrographis kalrae
Aspergillus nidulans
Aspergillus ﬂavus
Cylindrocarpon cyanescens
Cylindrocarpon destructans
Cylindrocarpon lichenicola
Fusarium moniliforme (syn:
Fusarium verticilloides)
Fusarium solani

Central America
Africa
Africa, Asia
North, Central and South America,
Europe
Africa, Asia
Africa, Asia
North, Central and South America,
Africa, Asia
North, Central and South America,
Caribbean, Africa, Europe,
Middle East, Asia
Asiaa
South America
Central and South America,
Africa, Asia

North, Central and South America,
Asia, Europe, Oceania
Asia
South America, Asia
Europe
Africa
North America
Asia
Caribbean, West Africa
Asia
Europe

South America, Caribbean, Africa,
Asia
Neotestudina rosatii
West Africa
Phaeoacremonium krajdenii
Asia
Polycytella hominis
Asia
Pseudallescheria
North, Central and South America,
boydii complex
Africa, Oceania, Europe, Asia
a
Thai patients who traveled in Europe, Asia, and North America

with a moderate rainy season (4–6 months), a rainfall of
50–1,000 mm per year, and daytime temperatures from 30°C
to 37°C, with small variations between day and night [19].
Temperature, rainfall, type of soil, and prevalent vegetation
inﬂuence the prevalence of speciﬁc eumycetoma agents in a particular region [20], with rainfall being the most inﬂuential factor.
Black grain fungi cause eumycetomas in arid regions, whereas
white grain fungi cause eumycetomas in regions with higher
rainfall and without a signiﬁcant dry season [21]. M. mycetomatis prevails in hot and dry areas with low rainfall and can be
found in temperate zones, but it is rare in the equatorial zone
[11]. P. boydii complex prevails in areas with hyperprecipitation
(~2,000 mm per year) [10,22] and has been reported sporadically
in the northern temperate zone among sewage workers [23].
Most eumycetoma agents such as M. mycetomatis, M. grisea,
P. boydii complex, and Neotestudina rosatii have been

isolated from soil samples [24–27], and M. mycetomatis and
P. boydii complex have also been isolated from termite
mounds. L. senegalensis and L. tompkinsii are recovered from
50% of acacia dry thorns in the Senegal River region, but not
from green thorns [25,27,28], suggesting that thorns may play
a role as mechanical vectors. Recently, the use of molecular
techniques has facilitated the study of natural reservoirs of
M. mycetomatis. Polymerase chain reaction (PCR) detection
followed by restriction fragment length polymorphism (RFLP)
analysis have demonstrated the presence of the organism in
23% of soil samples from endemic areas of Sudan and have
successfully linked environmental and clinical isolates [29].
Reports of eumycetoma affecting animals are unusual.
Equine and canine cases due to M. mycetomatis have been
reported [30,31]. Cases due to Curvularia lunata and
Cladophialophora bantiana in dogs and an unspeciﬁed
organism in buffalo have been reported [32–34].

Pathogenesis
Disease usually develops as a result of minor trauma that
inoculates contaminated material, usually soil, into the skin
or subcutaneous tissue. A history of any trauma at the site of
eumycetoma is uncommon, ranging from 0% to 34% of
cases, with the higher ﬁgures reported from endemic areas of
Sudan and India [35,36]. This observation suggests that
either these fungi do not need deep inoculation, or that disease occurs after a prolonged incubation period [37].
After inoculation, a poorly deﬁned host response precludes the development of free fungal ﬁlaments in the
infected tissue, and instead leads to the development of the
characteristic grain. Neutrophil-mediated tissue reaction
leads to partial grain disintegration, but most of the grain
remains and perpetuates a chronic inﬂammatory response.
Macrophages and multinucleated giant cells clear dead neutrophils and grain fragments, and an epithelioid granuloma
develops [38]. Results of immunologic studies performed
among patients affected by mycetomas are scarce and conﬂicting. Mahgoub and co-workers found a moderately
decreased cell-mediated immune response [39], while Bendl
et al. were not able to demonstrate any immunologic alterations in 15 patients [40].
The role of genetic predisposition to develop mycetoma
has not been established. Although many residents of
endemic areas have antibodies to M. mycetomatis, very few
develop eumycetoma. It has been postulated that those who
develop eumycetoma have inadequate neutrophil function
resulting from polymorphisms in the functional expression
of those genes that direct neutrophil function [41].
The role of melanin that is present in variable amounts in
grains from certain organisms, such as M. mycetomatis, is
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not completely understood. Melanin has been linked to
virulence and pathogenicity, and it is considered the most
important component of the grain cement. Melanin strengthens the grain and protects fungal cells from antibodies,
hydrolytic enzymes, strong oxidants, and azole antifungal
agents [42,43].

Clinical Aspects
Clinical Manifestations
Eumycetoma principally affects otherwise normal men living and working in rural areas. The male-to-female ratio
ranges between 3:1 and 5:1; the age at the time of diagnosis
ranges from 3 to 77 years (mean 32.6 years). The average
duration of symptoms ranges between 7.7 and 9.8 years,
ranging from 1 month to 25 years [44–50]. Most patients
with eumycetoma are not classically immunocompromised,
although diabetes is a frequent comorbidity. Indeed, 9 of 26
mycetoma patients diagnosed over a 9-year period in the UK
had diabetes as an underlying disease [10]. Eumycetoma has
been reported in patients receiving chronic immunosuppressive therapy for renal and heart transplantation, leukemia,
and idiopathic CD4 lymphopenia [51–56]. Eumycetoma has
not been reported in an HIV-infected patient.
Male predominance among eumycetoma patients can be
explained by higher rates of exposure to etiologic agents related
to occupational cutaneous injury, such as might occur in farming. This is similar to the acquisition of other subcutaneous
mycoses, such as sporotrichosis and chromoblastomycosis.
Male predominance could also be a consequence of higher susceptibility to this disease, an explanation based on an inhibitory
effect of progesterone on the growth of M. mycetomatis and
Pyrenochaeta romeroi in the laboratory [57].
The incubation period of eumycetoma is not well established, as most patients seek care after long periods of disease
and without recall of the inoculation event. Clinical characteristics and evolution of eumycetoma lesions are independent of the etiologic fungus; the clinical course depends on
the anatomic location, duration of lesions, and medical intervention. Lesions begin as small, ﬁrm, painless, indurated subcutaneous nodules or plaques that gradually increase in size.
The clinical course is somewhat slower for eumycetoma than
for actinomycetoma. Initially, the lesion is well demarcated
and may be encapsulated, especially when M. mycetomatis is
the etiologic agent. The disease usually runs a chronic course
from several years to decades, with lesions spreading slowly
to adjacent structures by contiguous spread, and virtually
never by hematogenous dissemination.
The tumor develops as a result of the enlargement of
existing nodules and formation of new nodules. Generally it
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is ﬁrm and round but may be soft and lobulated. Enlarged
nodules open to the skin through sinus tracts, discharging
sanguineous, seropurulent or purulent exudate that contains
grains (Figs. 1, 2, and 3). A history of sinus tracts discharging grains is present in up to 60% of the cases [14].
Sinus tracts develop relatively early in the course of disease;
at least one-third of patients develop sinuses between 3 and
6 months, and almost all patients have sinus tracts within
1 year of the development of skin lesions [58]. Established
sinuses heal and recur as new sinuses continue to develop.
Sinus tracts are very characteristic of both eumycetoma and

Fig. 1 Eumycetoma on the plantar surface of the foot showing tumor
and ﬁstulae

Fig. 2 Eumycetoma due to Madurella mycetomatis showing multiple
sinus tracts
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Fig. 3 Large tumor from eumycetoma due to Madurella mycetomatis

actinomycetoma and help support the clinical diagnosis, but
also occur in other diseases and are not speciﬁc.
Destruction of adjacent structures can be dramatic and is
especially characteristic late in the course of the disease.
Destructive lesions are relatively painless. Pain, fever, and
other systemic symptoms are not characteristic of eumycetoma, and when present, suggest a secondary bacterial infection. Bacterial cellulitis should be ruled out when pain is
present, especially when edema and increasing discharge are
evident. Massive ﬁbrosis occurs after healing of involved tissue, contributing to the tumor-like appearance and woody
texture of the affected area.
Eumycetoma lesions are located most frequently in areas
with a high frequency of repeated trauma, especially the
lower limbs. Feet, legs, and hands account for approximately
90% of black grain eumycetomas and 95% of M. mycetomatis
eumycetomas [35,59]. Involvement of the foot is more common in eumycetomas than in actinomycetomas, occurring in
75–85% of cases [35,59]; legs and hands are involved in 7%
and 6% of eumycetoma cases, respectively [60].
Extrapedal eumycetomas appear when repeated trauma
occurs to other parts of the body. For example, lesions can
occur on the abdominal wall in patients who do not wear a
shirt and who carry organic products, such as vegetables or
straw [61,62]. Rare anatomic sites described for eumycetoma
include intraspinal [63], scalp [35], neck [13], mandible [64],
eyelid [65], cheek [50], perineum [10], testicle [35], buttock
[66,67], and thigh [10].
Multiple eumycetomas involving more than one anatomic
site are rare. Most of these “double eumycetomas” described
in the literature represent two lesions in the same anatomic
region [68]. One report from Argentina of double eumycetoma described a patient with lesions on the foot and wrist,
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both lesions caused by M. grisea [69]. Eumycetoma caused
by more than one fungus is also a rare clinical occurrence,
but the occurrence of M. mycetomatis and M. grisea in a foot
lesion has been reported [70].
Lymphatic spread is uncommon with eumycetomas, occurring in fewer than 3% of the cases [71]. It appears to be more
frequent in actinomycetomas, possibly because the grains are
smaller in this condition [72]. Among the agents of eumycetomas, M. mycetomatis has the lowest frequency of lymph node
involvement, possibly because of the extensive ﬁbrotic reaction that often accompanies this agent. Only 3 of 578 (0.5%)
patients in one series experienced this complication [73].
In both eumycetoma and actinomycetoma, bone involvement occurs by contiguous spread, with changes occurring
ﬁrst in cortical bone [74]. Bone involvement occurs in up to
76% of cases and is more extensive with longer duration of
disease [35,46]. In addition, bone lesions are more frequent
and occur sooner when they are located in areas with thin
subcutaneous tissue, such as the feet, hands, and skull.

Radiologic Findings
The most frequent radiologic ﬁndings in patients with eumycetomas are soft tissue swelling and osteolytic changes
(Fig. 4). Loss of the cortical border and external erosion of the
bone is the earliest osteolytic manifestation [7,75]. Later,
the medullary canal and epiphysis are affected, resulting in
bone destruction followed by bone remodeling [76]. Bone
lesions can be manifested radiographically as demineralization, periosteal reaction, osteolysis, endosteal bone cavitation,
sclerosis, and frank osteomyelitis [46]. Osteolytic lesions
associated with eumycetoma are usually large and few in
number, often with well-deﬁned margins. Grossly, these
lesions are ﬁlled with necrotic material and grains [20,76,77].
No particular pattern of bone involvement is associated with
a speciﬁc eumycetoma agent. Moreover, it is not possible to
differentiate between eumycetoma and actinomycetoma
using radiologic studies [77,78].
Computerized tomography (CT) and MRI typically demonstrate bone lesions earlier than x-rays. CT should be used
to evaluate pedal mycetomas, whereas MRI is preferred for
extrapedal lesions. In addition, CT has greater sensitivity to
detect early bone involvement, while MRI easily detects late
manifestations as a coarse trabecular pattern, bone destruction, marrow inﬁltration, and sequestra [74]. MRI is also
helpful for determining the extent of soft tissue involvement
and for monitoring the response to treatment [74,78]. A “dotin-circle sign” demonstrated by MRI is considered as a
specific sign of both eumycetoma and actinomycetoma.
It represents inﬂammatory granulomata containing grains
and surrounded by a ﬁbrous matrix [79].
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Differential Diagnosis
The differential diagnosis of eumycetoma lesions at any
stage of their evolution should always include actinomycetoma
due to aerobic ﬁlamentous actinomycetes and botryomycosis, due to gram-positive and gram-negative bacteria.
Small eumycetoma lesions may be confused with folliculitis, soft tissue tumors. or cystic lesions [84], while exophytic verrucous eumycetoma lesions of the foot can mimic
verrucous tuberculosis, blastomycosis, chromoblastomycosis, and sporotrichosis. More extensive tumoral pedal
lesions without sinus tracts should be differentiated from
elephantiasis of the foot, as well as benign and malignant
tumors. When bone involvement is present, the differential
diagnosis includes bacterial osteomyelitis, osseous tuberculosis, osteosarcoma, and other malignant bone tumors.
Extrapedal lesions should be differentiated from dermatophytic pseudomycetoma when the scalp is affected. In addition, cutaneous tuberculosis, endemic fungal diseases, such
as blastomycosis and coccidioidomycosis, and cutaneous
nocardiosis should be excluded.

Diagnosis
When draining sinus tracts are present, these provide the
optimum material for microscopic examination and culture.
Grains in discharged ﬂuid are visible to the naked eye and
can be collected from dressings covering a draining sinus
tract. If discharged grains are not available, a deep skin
biopsy taken from a small abscess or around a sinus tract is
necessary for both culture and histopathologic studies.
Fine-needle aspiration also can be useful for the diagnosis
of eumycetoma [85]. Specimens should be submitted for
macroscopic and microscopic examination and cultured
appropriately.
Fig. 4 (a) Tumorous swelling on the heel from Madurella mycetomatis
showing sinus tracts. (b) Radiograph of the same heel showing soft tissue
swelling and osteolytic changes of the calcaneus

Complications
The most common complication is secondary bacterial
infection, which occurs in up to 66% of patients with black
grain eumycetomas [80]. Massive bone destruction induced
by eumycetomas can produce pathologic fractures [81].
Other complications are related to the site of disease, e.g.,
deformity of the foot in tumoral pedal eumycetoma. Rare
complications include bronchopleural-cutaneous ﬁstulae
[82] and palatal deformity and dysfunction [83].

Evaluation of Grains
Grain color, size, shape, and consistency should be noted
because these characteristics help to guide identiﬁcation of
the causative fungus. For example, M. mycetomatis grains
are large, black, and hard; L. senegalensis grains are large,
black, and ﬁrm to hard; M. grisea and P. romeroi grains are
small, black, and soft to ﬁrm; and P. boydii complex and
Aspergillus nidulans grains are large, white, and soft. After
macroscopic examination, grains should be placed in a drop
of 10–20% KOH on a slide, compressed between two slides,
and examined under microscopy. This direct examination
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Histopathology

Fig. 5 Direct examination of a black grain from a eumycetoma showing
intertwined broad hyphae and swollen cells (potassium hydroxide preparation, 1,000×)

will differentiate the grains of eumycetomas from the grains of
actinomycetomas. Eumycetoma grains contain intertwined,
broad hyphae (2–5 Pm), and may contain large swollen cells
(15 Pm or more) at the periphery (Fig. 5).

Culture
Culture is essential for an etiologic diagnosis; however, performing cultures with eumycetoma specimens is laborious
and complicated by a high rate of bacterial contamination.
Prior to culture, grains should be washed several times with
sterile saline solution to reduce bacterial and mould contamination, then crushed using sterile technique and plated on
Sabouraud’s dextrose agar containing chloramphenicol.
Medium containing cycloheximide should be avoided
because it inhibits the growth of some eumycetoma agents,
such as some Fusarium spp. and Aspergillus spp. Specimens
should be incubated at both room temperature and at 37°C
for 6–8 weeks.
Species identiﬁcation is based on both macroscopic and
microscopic examination of colonies. Other tests may be
helpful. For example, patterns of sugar assimilation and
optimal growth temperature differentiate M. mycetomatis
from M. grisea. The former can utilize glucose, galactose,
lactose, and maltose, but not sucrose, and grows well at
37°C. By comparison, M. grisea can utilize glucose, galactose, maltose, and sucrose, but not lactose, and grows well
at 30°C [55]. More recently, molecular techniques, such as
the random ampliﬁcation of polymorphic DNA (RAPD),
RFLP, and DNA sequencing are being used for identiﬁcation of various fungal species. These techniques are particularly useful when routine fungal isolation has failed
[86–88].

The basic histopathologic picture of eumycetoma is chronic
nonspeciﬁc granulomatous inﬂammation, with a central
focus of acute inﬂammatory reaction surrounding one or
more grains. Grains can be difﬁcult to visualize in tissue sections, making it necessary to examine numerous sections of
the biopsy. A zone formed by histiocytes surrounds the central and abscessed focus; this is surrounded by an outer zone
consisting of new capillaries, isolated histiocytes, plasma
cells, mast cells, and eosinophils. Lymphocytes characteristically are found inﬁltrating the ﬁbrous tissue of the outer
zone [19,36]. The fungal hyphae, which constitute the main
element of the grain, are more easily observed with the use
of periodic acid–Schiff (PAS) or methenamine silver stains.
As shown in Table 2, histopathologic characteristics on
hematoxylin-eosin stain of black grain eumycetomas can be
quite distinctive, and may allow for a presumptive diagnosis
[89,90]. For example, M. mycetomatis grains, vesicular type,
show a dense brown cement-like substance with hyphae and
large chlamydospores in the periphery (Fig. 6). By contrast,
Exophiala jeanselmei grains do not have cement-like substance. On the other hand, pale grain eumycetomas have
similar histopathologic ﬁndings, making their differentiation
uncertain [89]. The use of immunoﬂuorescent antibodies
facilitates the identiﬁcation of the etiologic agent in tissue
sections. A speciﬁc ﬂuorescent antibody conjugate for identiﬁcation of P. boydii is available in some areas [91,92], and
monoclonal antibodies against Aspergillus galactomannan
have been used to identify Aspergillus species without crossreactivity with other fungi [93,94].

Serology
There is no reliable serologic test available for diagnosis of
eumycetoma. Lack of standardized preparation of antigens
has hampered development of such a test. In addition, many
etiologic agents of eumycetoma require independent testing
with several antigens or the use of a polyvalent antigen preparation. Immunodiffusion (ID) and counterimmunoelectrophoresis (CIE) have been the most widely used tests for
detecting antibodies in eumycetoma patients, but both have
shown inconsistent results [95–97]. Enzyme-linked immunosorbent assay (ELISA) is more sensitive and reproducible
than ID and CIE [98]; its limitation is that asymptomatic
patients from endemic areas may also show elevated antibody titers by ELISA.
Serologic assays may play a role in the follow-up of
patients on antifungal treatment after the speciﬁc etiology is
established.

421

Eumycetoma
Table 2 Appearance in tissue sections of eumycetoma grains for selected agents
Causative fungus
Black Grain Eumycetomas
Exophiala jeanselmei
Leptosphaeria
senegalensis
Madurella grisea

Madurella mycetomatis

Pyrenochaeta romeroi

Chlamydoconidia
characteristics

Grain shape

Cement characteristics

Hyphal arrangement

Round or oval with a
hollow in the center
Round or lobulated

Cement absent

Variable

Presence variable

Located in the
periphery
Large and located in
the periphery
Located in the
periphery

Variable

Compact type: Homogeneous
brown-cement throughout
the grain
Vesicular type: Dense
brown-cement in periphery
Presence variable

Hyphae located in the
periphery
Irregular network of
hyphae in the center
Homogeneous network of
hyphae in the center
and dense network in
the periphery
Hyphae throughout the
grain
Hyphae located in the
periphery
Central dense network of
hyphae

Large and located in
the periphery
Absent

Dense pattern of hyphae
Dense pattern of
interlaced hyphae
Hyphae in the center and
in the periphery;
presence of oval or
rounded hyphal
fragments
Dense network of
interwoven hyphae

Present
Rare

Variable

Black cement in periphery

White to Yellow Grain Eumycetomas
Acremonium falciforme
Variable
Fusarium spp.
Oval or lobulated

Absent
Absent

Neotestudina rosatii

Variable

Located in the periphery

Pseudallescheria boydii
complex

Polylobulated or oval

Absent

Treatment
Antifungal Agents
No evidence-based treatment recommendations are available
for eumycetoma, as no large randomized clinical trials have
been conducted. Moreover, the few clinical reports of the use
of antifungal agents in the treatment of eumycetomas often
involve a limited number of patients, do not differentiate by
presence of bone involvement, and fail to establish a deﬁnitive response status due to the limited follow-up period. Even
though new triazole drugs have been shown to be effective in
treating eumycetomas, current options remain limited
because of insufﬁcient clinical data.
The in vitro activity of various antifungal agents against
the organisms causing eumycetoma does not reliably predict
clinical response. For example, amphotericin B has good
in vitro activity against M. mycetomatis, M. grisea, and E.
jeanselmei, but in vivo responses are poor, and clinical data
do not support an important role for amphotericin B in the
treatment of eumycetomas [99,100]. Liposomal amphotericin
B has been used to treat eumycetomas caused by M. grisea
and Fusarium species, producing temporary remission followed by clinical relapses 6 months after therapy was stopped
[101]. Based on these limited anecdotal data, most experts

Located in the center

Large

believe that there is little role for amphotericin B in the treatment
of eumycetoma.
Black grain eumycetoma agents are sensitive in vitro to
the older azoles, with itraconazole demonstrating the most
activity, followed by ketoconazole and miconazole [102].
Among the new triazoles, posaconazole is highly active
in vitro against Aspergillus species and P. boydii complex
[103,104], and voriconazole is active in vitro against
M. mycetomatis, M. grisea, and E. jeanselmei. Voriconazole
also has in vitro fungicidal activity against Aspergillus species and is more active than itraconazole against P. boydii
complex isolates [105–107].
In general, itraconazole and ketoconazole appear to perform
better against black grain than white grain eumycetomas
[108]. Fluconazole 400 mg per day is not effective for eumycetoma caused by M. mycetomatis, M. grisea, or P. boydii
complex [109].
For eumycetomas due to M. mycetomatis or M. grisea,
itraconazole 100 mg twice daily is the regimen of choice.
Preliminary results from the evaluation of posaconazole as
salvage therapy of patients with various fungal infections
resistant or refractory to standard treatment, including a
small number of eumycetomas due to a variety of agents, are
encouraging. Based on these data, posaconazole administered 200 mg orally four times daily or 400 mg twice daily is
an acceptable alternative treatment for eumycetomas caused
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Fig. 6 (a) Histopathologic preparation of a grain from eumycetoma
caused by Madurella mycetomatis (H&E stain, 400×). (b) Higher magniﬁcation showing hyphae and peripheral chlamydoconidia at the edge
of a grain (H&E, 1,000×)

by M. mycetomatis or M. grisea [110]. Ketoconazole is also
an effective agent for eumycetoma due to M. mycetomatis
with reported rates of success greater than 70% when 400
mg or more daily is given for more than 6 months
[99,101,108,111]. Ketoconazole at doses of 400 mg or more
daily should be the ﬁrst treatment option in areas in which
the cost of itraconazole is prohibitive. Periodic evaluations of
liver enzymes are mandatory, especially when ketoconazole
is administered for prolonged periods.
Management of P. boydii complex infections is challenging because this fungus has intrinsic resistance to some antifungal agents, including ﬂuconazole and amphotericin B.
Ketoconazole alone or combined with surgery has been tried
with varied outcomes [112–114]. Voriconazole demonstrates
good in vitro fungicidal activity against P. boydii complex
[106], and has been approved by the Food and Drug
Administration (FDA) and the European Medicines Agency
(EMEA) as salvage therapy for refractory scedosporiosis.
Voriconazole has been successfully used to treat patients
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with severe P. boydii complex infections, including CNS and
disseminated disease [115–119]. There are very limited data
on the use of voriconazole speciﬁcally for the treatment of
eumycetoma caused by P. boydii complex. However, based
on the results noted above, voriconazole, 200 mg twice daily,
could be considered a preferred regimen in areas in which
the cost is not prohibitive [120,121]. Similarly, itraconazole
alone or combined with surgery has been effective in some
cases [120,122] and is considered an alternative therapy.
The optimal therapeutic regimen for Acremonium eumycetoma is unknown due to the scarcity of reports concerning
therapy of this condition. Ketoconazole is not an effective
treatment [114]; some eumycetomas caused by Acremonium
species have been treated successfully with itraconazole. One
patient with eumycetoma caused by A. falciforme responded
satisfactorily to itraconazole 200 mg daily for 10 weeks [37],
and a patient with A. kiliense eumycetoma, who had failed
3 years of ketoconazole 400 mg daily, rapidly improved when
treated with itraconazole 300 mg daily [99]. Similarly, treatment of eumycetomas caused by Aspergillus species,
Arthrographis kalrae, or L. senegalensis has not been established. Based on anecdotal reports and in vitro results, itraconazole 100 mg twice daily is considered the treatment of choice,
and voriconazole is a promising alternative [105–107,123].
An unsatisfactory response to antifungal therapy correlates with the duration and extent of disease, susceptibility of
the causative organism, and drug concentrations in the
affected tissues. The latter is inﬂuenced by the pharmacokinetics of the agent used, the amount of ﬁbrosis, and the local
blood supply [124]. The absence of ischemic changes and
necrosis in mycetoma lesions indicates that blood supply
probably does not contribute signiﬁcantly to the failure of
medical treatment. However, it is likely that antifungal agents
cannot reach adequate concentrations in grains surrounded
by ﬁbrotic and abscessed tissue.

Surgery
Early surgery can be curative for small and well-deﬁned
eumycetoma lesions, and is used to remove the greater bulk
of the lesion when used as an adjunct to antifungal treatment.
Antifungal therapy reduces the size of lesions when administered prior to surgery, and reduces recurrences when used
following surgical debridement [99,111]. Additional indications for surgery in the management of eumycetoma are less
well deﬁned. Use of surgery to drain sinuses and remove
grains or as a measure to reduce pain and swelling caused by
inﬂammation is generally discouraged. Most experts advocate delaying surgery until patients have completed several
months of antifungal chemotherapy [99]. Radical surgical
procedures should generally be avoided [76].
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Outcomes
An accepted time of follow-up to deﬁne cure for eumycetoma has not been ﬁrmly established. Many experts require
2 years of relapse-free survival, while others consider a
patient cured only after 3 years have passed without evidence
of relapse [40]. Assessment of stability, improvement, cure,
or relapse is based on clinical and mycologic parameters,
including the amount of discharge, degree of swelling, evolution of ﬁstulae, radiographic ﬁndings, the results of histopathologic studies, and culture results.
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Chromoblastomycosis
John W. Baddley and William E. Dismukes

Chromoblastomycosis is a chronic fungal infection of the
skin and subcutaneous tissues characterized by the presence of nodular, verrucous lesions, often of the lower
extremities. Upon histopathologic examination of infected
tissues, the characteristic ﬁnding is single or multiple
muriform cells, also called sclerotic bodies. The term
muriform designates the presence of vertical and horizontal septa of the cells. These muriform cells are dark brown,
septate fungal cells that resemble yeast forms (Fig. 1).
Chromoblastomycosis is caused by several species of
dematiaceous, or pigmented, fungi, of which the most
common causative organism is Fonsecaea pedrosoi. The
disease is usually chronic, localized, and is rarely lifethreatening. Surgical resection and cryotherapy are effective for small lesions, while antifungal agents, including
itraconazole and terbinaﬁne, are sometimes effective in
more extensive disease.
For the purposes of this chapter, chromoblastomycosis is
deﬁned as a chronic infection of the skin or subcutaneous
tissues caused by dematiaceous fungi and characterized by
the presence of muriform cells on histopathologic examination. Chromoblastomycosis has been referred to as chromomycosis, although these terms are not synonymous. The
term chromomycosis has come to represent not only the
classic deﬁnition of chromoblastomycosis, but also additional non-skin and subcutaneous infections due to dematiaceous fungi [1, 2]. Phaeohyphomycoses represent the broad
group of fungal infections caused by dematiaceous fungi
and are deﬁned by the presence of yeast-like cells, hyphal
forms, or pseudohyphae-like elements in tissue, but without
the presence of muriform cells as seen in chromoblastomycosis [1]. Phaeohyphomycoses are addressed in a separate
chapter.
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Organisms
The organisms causing chromoblastomycosis are saprophytic
fungi found in soil, wood, vegetation, pulp, and paper [3, 4].
Several species of dematiaceous fungi cause chromoblastomycosis, and the similarity between organisms lies in the tissue
appearance of muriform cells (Fig. 1). The agents of chromoblastomycosis belong to a single order of ascomycetous fungi,
the Chaetothyriales [5]. Common etiologic agents include F.
pedrosoi, F. compacta, Phialophora verrucosa, Cladosporium
carrionii and Rhinocladiella aquaspersa [5]. Additional organisms reported less commonly as etiologic agents include
Exophiala spinifera, E. jeanselmei, E. dermatitidis, and
Aureobasidium pullulans [6–8]. More recently, other cases
presented have been caused by Rhytidhysteron species,
Chaetomium funicola, Catenulostroma chromoblastomycosum
and F. monophora [9–11]. A list of reported causative agents is
provided in Table 1.
Fungi causing chromoblastomycosis are slow growing
and usually need to be incubated at least 4 weeks on standard
fungal media, such as Sabouraud’s dextrose agar. Most species form dark brown, green, or black velvety colonies upon
incubation. Morphologic differences on media and microscopy are variable, and have led to placement of the causative
organisms in many different genera. The mycology and
nomenclature of organisms that cause chromoblastomycosis
have been reviewed extensively elsewhere [1, 2, 12].

Epidemiology
Chromoblastomycosis occurs worldwide, although the majority
of reported cases are from tropical and subtropical regions of the
Americas and Africa. The mode of acquisition of infection is
traumatic inoculation of the fungus into exposed skin, usually
the lower extremities. Affected patients are frequently outdoor
laborers or those who do not routinely wear shoes [13]. Most
patients do not recall a speciﬁc injury, but in a series of patients
who remembered a traumatic inciting event, inoculation resulted
from thorns, wood splinters, or minor cuts from tools [14].
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Clinical Manifestations

Fig. 1 H&E-stained tissue section showing sclerotic bodies typical of
chromoblastomycosis (Courtesy of David W. Warnock)

Table 1 Causative agents of chromoblastomycosis
Organism
Fonsecea pedrosoi
Fonsecea compacta
Cladosporium carrionii
Rhinocladiella aquaspersa
Phialophora verrucosa
Botryomyces caespitosus
Exophiala dermatitidis
Exophiala jeanselmei
Exophiala spinifera
Aureobasidium pullulans
Fonsecaea monophora
Rhytidhysteron spp.
Chaetomium funicola
Catenulostroma chromoblastomycosum

Epidemiology of chromoblastomycosis often depends on
geographic region. For example, in Brazil, Colombia, Japan,
and humid parts of Venezuela, F. pedrosoi is the predominant
causative agent [15, 16], while in arid parts of Australia,
China, Mexico, Cuba, and Venezuela, C. carrionii is the
most common cause [13, 17]. Site of involvement also seems
to differ in patients from various geographic locations. In most
countries, the lower extremities are the most frequently
affected sites; the exceptions are Japan and Australia, where
upper body sites predominate [15, 17, 18].
Most cases of chromoblastomycosis occur among males
aged 30–60 [18]; children are rarely affected. The male predominance probably represents increased exposure due to a
preponderance of male outdoor workers in some countries.
By contrast, in Japan, among a large series of cases the ratio
of males to females was equal [15].

The cutaneous lesions of chromoblastomycosis are highly
variable, and typically begin at the site of a traumatic inoculation of the fungal organism [5, 12]. Lesions grow slowly,
and are asymptomatic in the majority of cases [14].
Symptoms, when present, include pruritus and, rarely, pain.
Lesions are usually present months to years before patients
seek medical attention and are diagnosed [5, 14, 18–21]. In
one series of 100 patients, the mean interval between ﬁrst
symptoms and diagnosis was 14 years [14].
The most commonly involved anatomic sites are the lower
extremities, particularly the foot, ankle, and lower leg.
However, skin lesions can be present on virtually any part of
the body, including the abdomen, chest, back, upper extremities, neck, face, buttocks and rarely, mucous membranes such
as the nasal septum [5, 14, 22–24]. Most skin lesions are localized, but disseminated disease has been reported in a small
percentage of patients [14, 15]. Spread of lesions may occur
by autoinoculation resulting from scratching or by lymphatic
spread [5, 25]. Hematogenous dissemination is extremely rare,
even among immunosuppressed patients, but has resulted in
brain abscess and death in several cases [15, 26, 27].
The initial lesions of chromoblastomycosis are small
papules or nodules that become conﬂuent to form irregular,
verrucous plaques. In 1950, Carrion reported a series of agricultural workers with chromoblastomycosis and described
ﬁve types of lesions seen during the progression of disease:
nodular, tumorous, verrucous, plaque, and cicatricial [28].
Nodular lesions are soft, pink growths that can be smooth,
verrucous, or scaly. These lesions may continue to enlarge
and form tumorous growths that appear papillomatous, lobulated, or may enlarge and resemble cauliﬂower (Fig. 2).
Verrucous lesions, the most common type, have a wart-like,
dry appearance and are frequently present on the borders of
the foot [1]. Plaque lesions are slightly raised, pink to reddish
in color, and are scaly (Fig. 3). Cicatricial lesions, often large
and serpiginous, expand centrifugally while healing; atrophic
scarring occurs in the center of the lesions (Fig. 4).
A grading system has been developed for clinical forms
of chromoblastomycosis lesions. This system may be useful
for determining therapeutic options and stratifying treatment
groups for therapeutic trials [5, 13, 20]. With this system,
mild disease is deﬁned as a solitary plaque or nodule measuring less than 5 cm in diameter. Moderate disease comprises
solitary or multiple lesions: verruciform, nodular, or plaque
types, covering one or two adjacent cutaneous regions and
measuring less than 15 cm in diameter. The severe form is
deﬁned as any type of lesion, either single or multiple, covering extensive cutaneous regions [13].
Complications of chromoblastomycosis include secondary
bacterial infection, which may present with fever, pain, edema,
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Fig. 4 Cicatricial lesion with atrophic scarring

Fig. 2 Nodular, cauliﬂower-like lesions of chromoblastomycosis
(Courtesy of Flavio Queiroz-Telles)

Fig. 3 Plaque lesion of chromoblastomycosis

localized lymphadenopathy, and chronic lymphedema. For
long-standing lesions, carcinomatous transformation, particularly to squamous cell cancer, has been described [14, 29].

Diagnosis
The diagnosis of chromoblastomycosis is made on the basis
of typical skin lesions and the presence of muriform cells
on histopathologic examination. Tissues, including skin

scrapings, aspirated exudates, or biopsy specimens, can be
visualized under the microscope and may demonstrate
muriform cells without special staining. Muriform cells are
seen in the dermis, while hyphal elements, when present,
are conﬁned to epidermal layers. Culture of the causative
organism must be performed on fungal media containing
antibiotics, such as Sabouraud’s dextrose agar with chloramphenicol and cycloheximide, as bacterial contamination is
common. Cultures should be incubated at 25–30°C and
kept for 4–6 weeks [1, 2, 12]. Non-culture-based methods
using PCR for diagnosis of chromoblastomycosis have
been reported recently [30, 31].
Histopathologic examination of lesions of chromoblastomycosis reveals hyperkeratosis and pseudoepitheliomatous
hyperplasia in the stratum corneum and epidermis. In the
dermis, a mixed pyogenic and granulomatous inﬂammatory
process comprised of neutrophils, plasma cells, eosinophils,
lymphocytes, and multinucleated giant cells is seen. Fibrosis
may be evident, particularly in older lesions [32]. Muriform
cells, also referred to as sclerotic bodies, Medlar cells, or
“copper pennies,” are found in dermal tissue, and range in
size from 5 to 15 Pm in diameter (Fig. 1). They are dark
brown in color, have thick walls, are septate, and may be
single, in pairs, or in clusters. Muriform cells may be found
extracellularly among inﬂammatory cells, intracellularly in
giant cells, and rarely, in macrophages.
Transepithelial migration, or transepithelial elimination,
is a pathologic ﬁnding in chromoblastomycosis. In this process, foreign matter, blood, damaged tissue, and muriform
cells are expelled through the epidermis as a healing process
[1, 5]. Accordingly, transepithelial migration will manifest
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as “black dots” on the surface of lesions, which, upon slide
microscopy with 10% or 20% KOH, reveal clotted blood and
muriform cells [1, 5, 33, 34].

Treatment
Chromoblastomycosis is a chronic disease that is difﬁcult to
treat. Therapy is usually sought for aesthetic or functional
reasons, but therapy is also necessary to prevent associated
complications. Clinical response may range from 10% to
80%, but is often related to the stage of disease [5, 35, 36]. In
patients with extensive disease, cure rates are low and relapse
is not uncommon. No single therapy is uniformly effective,
and treatment modalities for chromoblastomycosis have
been difﬁcult to evaluate because of the small number of
cases, variability in extent of disease, and lack of randomized
treatment trials. In a large retrospective review, Minotto and
colleagues reported that disease was eradicated with therapy
in 57% of patients [14]. Over the period of this 30-year study,
numerous therapies were used for different lengths of time,
and therefore an optimal therapy could not be determined.
In another retrospective review of 51 cases, 31% of patients
were cured, and 57% improved with various treatments [22].
Multiple therapeutic strategies, including surgical intervention; topical therapies (cryotherapy, applied heat); systemic
antifungal agents; or a combination of therapies are employed
and described below (Table 2).

Systemic Antifungal Therapy
In general, antifungal therapy for chromoblastomycosis has
been minimally successful, and prolonged therapy is required.
Table 2 Treatment of chromoblastomycosis
Chemotherapy
Drug
Dosage

Selected References

Itraconazole (po)
Flucytosine (po)
Terbinaﬁne (po)
Amphotericin B(IV)
Fluconazole (po)
Ketoconazole (po)
Posaconazole (po)

[20, 22, 37–40]
[41–43]
[44–46]
[41, 47, 48]
[49]
[50, 51]
[52]

Other Therapies
Surgical resection
Cryotherapy
CO2 laser therapy
Heat therapy
Electrosurgery and
curettage

200–400 mg/day
50–150 mg/kg/day
500 mg/day
0.5–1.0 mg/kg/day
200–800 mg/day
200–400 mg/day
800 mg/day

[53–55]
[22, 38, 56, 57]
[58–60]
[59, 61–63]
[48, 64]

Systemic antifungal agents are usually needed in cases of
moderate or extensive disease, or when surgery is not possible.
Antifungal therapy may also be required for lesions in areas
of ﬂexion where cryosurgery is not indicated. The most commonly used drugs are itraconazole, terbinaﬁne, ﬂucytosine,
and amphotericin B, although there is experience with
numerous antimicrobial agents (Table 2).
Itraconazole appears to be the most promising chemotherapeutic agent for the treatment of chromoblastomycosis
and is usually given at a daily dose of 200–400 mg. Antifungal
susceptibility testing of itraconazole against Fonsecaea
species and other agents of chromoblastomycosis shows
good activity, although it does not appear that the minimal
inhibitory concentration (MIC) predicts clinical response
[65–68]. Clinical results with itraconazole have been variable, depending upon extent of disease and length and dosage of therapy [20, 22, 37–40, 68–70]. In an early open-label
study of 14 patients with chromoblastomycosis, itraconazole
was given at dosages of 100–400 mg daily for 4–8 months
[38]. Among nine patients with C. carrionii infection, cure
was achieved in eight, and one improved; among ﬁve patients
infected with F. pedrosoi, two were cured, and three improved.
In the two cases of infection due to F. pedrosoi that were
cured, itraconazole was given in combination with either ﬂucytosine or local heat.
In a noncomparative open-label trial of 19 Brazilian
patients with chromoblastomycosis due to F. pedrosoi, itraconazole at doses of 200–400 mg daily for 3–30.5 months
was effective [20]. Among ten patients with mild-to-moderate
disease, eight achieved complete clinical and biologic cure.
Among the remaining patients who had moderate or severe
disease, all had clinical healing or improvement. Itraconazole
was well tolerated, and no adverse events were reported that
warranted discontinuation of therapy.
Another trial evaluated combination therapy with itraconazole and cryosurgery, itraconazole alone, and cryosurgery
alone in 12 patients with chromoblastomycosis due to
F. pedrosoi [37]. Among patients with small lesions, cryotherapy appeared more effective than itraconazole alone at a
dose of 300 mg daily. One group, comprised of patients with
extensive disease, was treated with itraconazole until lesions
maximally improved, followed by cryosurgery. Among these
four patients, two were cured, and two improved. The authors
suggest that cryosurgery may be a useful adjunct to chemotherapy for patients with extensive disease.
Recent reports outline the use of pulse therapy with itraconazole, either alone or in combination with cryotherapy
[39, 40, 70]. While success was seen in several cases, the
potential impact of pulse therapy with itraconazole needs
further study.
Other azole agents, including ﬂuconazole and ketoconazole, have been used as single-agent therapy to treat chromoblastomycosis in a small number of patients but have not
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been very effective [49–51, 71]. The newer broad-spectrum
triazoles, posaconazole and voriconazole, appear to have
good in vitro activity against Cladosporium species [68, 72].
Posaconazole at a dose of 800 mg daily for up to 34 months
was used to successfully treat ﬁve of six patients with refractory chromoblastomycosis [52].
Oral ﬂucytosine, 50–150 mg/kg per day divided in four
doses, has been used for up to 1 year with associated clinical improvement [17, 41–43, 73]. However, when used as a
single therapy, only partial response with progression of
disease or relapse has occurred, suggesting clinical and
microbiologic resistance [74]. Subsequently, combination
therapy with ﬂucytosine is preferred. Flucytosine in combination with amphotericin B, itraconazole, ketoconazole, or
thiabendazole is sometimes effective [41, 47, 48, 75–77].
Terbinaﬁne, an allylamine antifungal, has been effective
in the treatment of patients with chromoblastomycosis
[44–46, 78]. In an open-label pilot study of 43 patients, oral
terbinaﬁne at doses of 500 mg daily for 12 months gave very
promising results, namely, mycologic cure in 82.5% of
patients and total cure in 47% of patients with lesions present
longer than 10 years [46].
Intravenous amphotericin B as single therapy appears to
be minimally effective, and is often associated with adverse
events after prolonged use [1, 41, 47, 48]. Amphotericin B,
when used, is often given in combination with ﬂucytosine for
moderate or severe chromoblastomycosis [1, 41, 47, 48].

80]. For smaller lesions, cryotherapy is effective, but this
method cannot be used for lesions in ﬂexion areas or skin
folds because of the risk of ﬁbrosis and scarring. Important
side effects of cryotherapy include pain at the site, local
edema, formation of blisters, and bacterial superinfection.
Because of risk of dissemination of infection with cryosurgery alone, some experts recommend that antifungal therapy
and cryotherapy always be given in combination [5, 22].
Because organisms such F. pedrosoi are unable to grow at
temperatures greater than 40°C, applying heat to skin lesions
may theoretically lead to fungal death. Local heat therapy,
which may be applied several times daily with pocket warmers, has been effective as single therapy in several cases but
may be more appropriate as an adjunct to antifungal agents
or cryotherapy [38, 59, 61–63].
Carbon dioxide laser therapy has been used as a treatment
modality in only a small number of cases, and its place in the
treatment hierarchy is unclear [58–60].
Although promising agents are available for the treatment
of chromoblastomycosis, appropriate comparative trials to
evaluate therapies remain difﬁcult to perform due to the rarity of cases, variability of disease, and the need for prolonged
therapy. Combination therapy with an antifungal drug plus
surgical therapy or cryotherapy represents a potential advance
in treatment and an important area for further study.
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Part VII

Other Mycoses

Pneumocystosis
Catherine F. Decker and Henry Masur

Although considered an organism of low virulence,
Pneumocystis jiroveci is an important cause of pneumonia in
immunocompromised hosts, especially those with hematologic malignancies, organ transplants, HIV infection, certain
congenital immunodeﬁciencies, and those receiving potent
immunosuppressive drugs [1–8]. As the population of immunosuppressed patients has grown, and as our ability to detect
organisms in respiratory specimens has improved, more and
more cases have been recognized in the period 1970–2000
[1–3]. Pneumocystis infections continue to cause morbidity
and mortality among susceptible patients who do not receive
chemoprophylaxis.

Organism
Pneumocystis was traditionally considered a protozoan,
based on its morphology, since its original identiﬁcation by
Chagas in 1906. Inability to culture Pneumocystis had hindered the clariﬁcation of its taxonomy until application of
molecular techniques demonstrated that the organism shares
with fungi many characteristics, such as cell wall and enzyme
structure [4–7]. P. jiroveci is now considered to be a fungus,
but is unusual among fungi in that the organism lacks ergosterol in its plasma membranes and is insensitive to antifungal
drugs that target ergosterol biosynthesis.
Based on its morphology, which is more characteristic of
a protozoon, the life cycle of P. jiroveci has been divided into
three stages: the trophozoite, found outside the cyst and
believed to be intermediate between the sporozoite and the
cyst; the cyst, a spherical or crescent-shaped form which
contains two to eight sporozoites; and the sporozoite or intracystic bodies, found within the cysts [7]. The life cycle has
not been fully elucidated, though it has been suggested that
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the mode of replication occurs through binary ﬁssion of
sporozoites and excystment with subsequent attachment to
pneumocytes.
Several enzymes have been isolated from Pneumocystis,
including dihydropteroate synthase (DHPS) and dihydrofolate reductase (DHFR), which are the targets of sulfamethoxazole and trimethoprim, respectively [9, 10]. Genes encoding
these enzymes and the cytochrome B locus, which is the site
of action of atovaquone, have been identiﬁed and sequenced,
and mutations in these genes have been identiﬁed [11–16].
The organism that infects humans is distinct from that infecting rodents and other animals [17, 18]. Pneumocystis found
in rats is named P. carinii after its discoverer, Dr. Carini. The
species that infects humans has been named after Dr. Jirovec,
one of the earliest scientists to recognize pneumocystosis
in humans.
P. jiroveci pneumonia is still abbreviated PCP. For the sake
of consistency this abbreviation now stands for “Pneumo”
“Cystis” “Pneumonia” instead of Pneumocystis carinii
Pneumonia [18].

Epidemiology
Serologic data in the USA indicate that most humans become
subclinically infected with P. jiroveci during childhood, and
that this infection is usually well contained by an intact
immune system [19–25]. Serologic studies also have shown
that P. jiroveci has a worldwide distribution. The frequency of
PCP among HIV-infected patients in tropical and developing
countries, including Africa, appears lower than in industrialized countries. However, more contemporary studies suggest
that this may reﬂect an underreporting secondary to a failure
to establish a diagnosis [22, 26–29]. The mode of transmission in humans is likely through the respiratory route [30].
Disease may occur in association with primary infection,
recent reinfection, or reactivation of organisms acquired in the
distant past. Serologic studies in infants and observational
studies documenting the frequency of PCP in very young
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infants have led to considerable speculation about the route
of transmission to infants. While this organism could be an
environmental contaminant, it seems more likely that infants
acquire this by person-to-person spread from healthy, asymptomatic parents or other adults [31].
In the older literature, it was suggested that PCP usually
occurs through reactivation of latent infection that occurs if
the host becomes immunosuppressed. However, recent data
have demonstrated that in some patients, disease is caused by
a recently acquired strain; these observations are based on
typing of organisms and the presence of DHPS mutations in
organisms recovered from patients with no history of sulfonamide exposure [32–35]. Some patients have had serial
episodes of PCP due to genotypically distinct organisms,
which supports the concept that PCP episodes can be caused
by recently acquired organisms.
The incubation period for PCP after acquisition of the
organism is unknown [36–39].

Pathogenesis
Pneumocystis pneumonia is a disease that occurs exclusively
in patients who have substantial immunosuppression. Acute
pneumonia has not been documented in patients who are
immunologically normal as assessed by conventional laboratory parameters and clinical history.
As more serologic studies have been done, and as molecular probes have been used more widely in research studies,
there has been intriguing speculation linking Pneumocystis
to either mild respiratory illnesses in immunocompetent
individuals or to speciﬁc pathologic syndromes. Some prominent investigators have published preliminary data linking
Pneumocystis to sudden infant death syndrome, but subsequent well-designed studies have not substantiated this association [40, 41].
Pneumocystis has been identiﬁed by molecular probes in
patients with chronic obstructive lung disease. An expanding
body of data suggests that Pneumocystis may be related to
exacerbations of chronic obstructive pulmonary disease,
especially when present with speciﬁc cofactors such as
tobacco [42, 43]. As more longitudinal studies are done in
patients with obstructive lung disease, the role of
Pneumocystis should be clariﬁed. It is intriguing to consider
the possibility that primary Pneumocystis infection could
cause mild symptomatic disease, and that primary or recurrent disease could cause pathology in some persons who
have largely intact immune systems.
P. jiroveci has been well described as the cause of acute
or subacute pneumonia in patients with B cell defects,
severe combined immunodeﬁciency disease, prematurity,
and HIV, as well as patients receiving certain potent
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immunosuppressive drugs, especially high-dose corticosteroids
and immunomodulating monoclonal antibodies, cyclosporine,
tacrolimus, and certain antineoplastic chemotherapeutic regimens, such as cladribine and ﬂudarabine [42–57]. These
clinical observations suggest that both humoral and cellmediated immunity are important host defenses against this
infection [58]. Neutropenia does not appear to be a risk factor
for developing PCP.
The literature on speciﬁc drugs has been difﬁcult to interpret in terms of what dose and what duration of therapy is
sufﬁcient to cause susceptibility to PCP. Corticosteroids are a
prime example: administration of a 21-day course of corticosteroids used in tapering doses to treat allergic reactions or
asthma have not been shown to be associated with a risk
of PCP. However, a corticosteroid dose equivalent to 16 mg of
prednisone or more for at least 2 weeks was associated with a
signiﬁcant risk for PCP in patients who did not have AIDS
[59]. Deﬁning an exact threshold of susceptibility with any
more precision has not been possible. When patients are
receiving multiple doses of immunosuppressive therapy during
overlapping time periods, it has been particularly difﬁcult to
determine exactly when PCP should be considered a risk.
CD4 T lymphocytes are pivotal in the host’s defense against
Pneumocystis among patients with HIV/AIDS. For patients
with HIV infection, the degree of depletion of CD4 cells
strongly correlates with the likelihood of developing P. jiroveci
pneumonia [60–62]. About 90% of cases of P. jiroveci pneumonia in patients with HIV infection occur when recent CD4
cell counts have been <200 cells/PL. The majority of these
cases occur at CD4 cell counts <100 cells/PL. However, it
should be noted that not all cases of HIV-associated PCP occur
at CD4 counts below 200 cells/PL. About 10–15% of patients
develop P. jiroveci pneumonia at CD4 cell counts >200
cells/PL [63]. Clinicians must be aware that at CD4 counts
>200 cells/PL, PCP is unlikely to occur, but “unlikely” events
do occur on occasion.
For patients who have beneﬁted from therapy with antiretroviral drugs (ART) in terms of a rise in CD4 cell count,
considerable evidence supports the concept that CD4 counts
continue to be an accurate indicator of susceptibility to P.
jiroveci [64–67]. The nadir of the CD4 count prior to the
institution of ART does not inﬂuence the predictive value
of subsequent counts in any clinically important manner
[65–67]. For patients with immunosuppressive disorders
other than HIV, CD4 cell counts are less helpful [68]. There
is no reliable laboratory marker for susceptibility in these
patients. Non-HIV-infected patients with CD4 counts <200
cells/PL have a higher likelihood of PCP than patients with
higher counts, but this test is not nearly as sensitive or speciﬁc as it is in HIV-infected patients [68]. CD4 cell counts
should not be used to determine which non-HIV-infected
patients are susceptible to PCP and which patients need
prophylaxis.
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For non-HIV-infected patients, decisions about prophylaxis
should be based on clinical parameters, such as the dose and
duration of corticosteroid administration, exposure to other
immunosuppressive drugs, and time since transplantation,
all of which require clinical judgment and observational
experience with speciﬁc patient populations. Recent guidelines on stem cell transplants have provided only general
guidance on the precise time and conditions for which PCP
prophylaxis is indicated [56]. Many different factors must be
taken into account in making such a determination, including
the drugs used in conditioning regimens, drugs used for
immunosuppression of graft-versus-host response, and immunosuppression associated with the underlying disease.
Pneumocystis is very likely inhaled, bypasses the defenses
of the upper respiratory tract, and is deposited into the alveolar space. The organism has a unique tropism for the lungs,
where it exists primarily as an alveolar pathogen. Individuals
with intact immunity control this primary infection. There
are no apparent clinical manifestations of primary infection
in immunocompetent individuals, and the organism likely
remains latent in the lungs for long periods of time. Clinically
apparent pneumonia occurs when cellular or humoral immunity becomes severely deﬁcient. Organisms proliferate,
evoking a mononuclear cell response. Alveoli become ﬁlled
with proteinaceous material and intact and degenerating
organisms. The principal histologic ﬁnding is the formation
of a foamy vacuolated eosinophilic alveolar exudate.
Alveolar-capillary permeability decreases, leading to impairment of gas exchange, not unlike that seen with adult respiratory distress syndrome. Physiologically, hypoxemia occurs
with an increased alveolar-arterial oxygen gradient and
respiratory alkalosis, impaired diffusion capacity, and alterations in lung compliance and total lung capacity. As the disease progresses in severity, there may also be hyaline
membrane formation along with interstitial ﬁbrosis and
edema. Without treatment, the disease will progress to respiratory failure and death. Organisms are largely conﬁned to
the lungs, although occasional evidence of dissemination to
other organs has been well documented.

Clinical Manifestations
Presenting symptoms in patients with P. jiroveci pneumonia
are usually acute or subacute, nonspeciﬁc, and include fever,
nonproductive cough, dyspnea, substernal chest tightness,
and shortness of breath [69, 70]. Cough may be similar to
that seen with a viral infection, and the shortness of breath
may initially be noticed only with exertion. Constitutional
symptoms and prolonged prodromal illness may be present
for days, weeks, or months before presentation to healthcare
providers. There is nothing unique about the presentation of
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PCP compared to other diffuse pulmonary processes, which
would allow it to be diagnosed without a speciﬁc microbiologic test identifying the organism in pulmonary secretions
or tissue. AIDS patients tend to have a more indolent course
with a longer duration of symptoms and less hypoxia than
patients treated with cytotoxic chemotherapy or corticosteroids [71]. HIV-infected patients typically present after
1–4 weeks of symptoms, while non-HIV-infected immunosuppressed patients present within a few days of the onset of
symptoms with a more acute and rapidly progressive
infection.
Physical examination is often unrevealing, except for
fever and tachypnea. Patients often have a chest examination
that is normal early in their course. However, diffuse rales
and, eventually, signs of consolidation are usually present as
the disease progresses.
Routine laboratory testing is also unremarkable except for
nonspeciﬁc elevations of serum lactate dehydrogenase
(LDH), which is a reﬂection of tissue damage (lung), rather
than a speciﬁc marker for PCP. The total white blood count
may rise modestly. In patients with HIV infection, this rise
may not be noted by clinicians unless they are aware of the
pre-PCP baseline, which is often below the normal range.
Hypoxemia is characteristic of patients with PCP. Normal
arterial blood gases can be seen in up to 20% of patients who
present with very mild disease, and this ﬁnding should not
dissuade the clinician from initiating an evaluation in patients
with compatible symptoms especially if the CD4 cell count
is <200 cells/PL.

Radiographic Findings
The radiographic ﬁndings (Figs. 1 and 2) are dictated by the
stage of illness at the time the patient presents for evaluation.
Early in the course of disease, especially for patients with HIV
disease, the chest radiograph may be normal despite substantial hypoxemia [71–73]. In patients with a normal chest radiograph, a high-resolution computed tomography (CT) scan of
the thorax will usually demonstrate a characteristic groundglass appearance [74]. As the disease worsens, diffuse interstitial inﬁltrates develop which progress to dense alveolar ﬁlling.
The typical chest radiograph is one of diffuse and symmetrical
increased interstitial markings. However, a substantial number
of patients have atypical chest radiographs. Almost all types of
inﬁltrates have been described with P. jiroveci pneumonia,
including the classic diffuse interstitial and alveolar inﬁltrates,
upper lobe predominance, asymmetrical involvement, lobar
patterns, nodules, and cavities.
Clinicians should be aware that the ﬁnding of a pneumothorax in an HIV-infected patient with interstitial inﬁltrates should raise the possibility of P. jiroveci pneumonia,
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although other destructive pulmonary processes can also
cause lung collapse [75, 76]. Patients may present with pneumothorax as the predominant reason to come to medical
attention. In these cases, the contralateral lung usually has
diffuse inﬁltrates that may not have produced enough symptoms for the patient to seek medical attention prior to the
pneumothorax.
Images of the liver, spleen, kidneys, or even the brain may
reveal inﬂammatory masses due to P. jiroveci. These lesions
probably represent subclinical lesions of disseminated pneumocystosis, which occur predominately in patients with

Fig. 1 Chest radiograph showing symmetrical interstitial inﬁltrates
typical of severe Pneumocystis pneumonia
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advanced HIV infection, especially those who are receiving
aerosolized pentamidine. These extrapulmonary lesions
rarely cause symptomatic disease, and appear to resolve with
therapy [77, 78].

Diagnosis
The deﬁnitive diagnosis of P. jiroveci disease requires the
demonstration of cysts or trophozoites within tissue or body
ﬂuids (Fig. 3) [79–87]. In most clinical laboratories, organisms are recognized via colorimetric or immunoﬂuorescent
stains since the human organism cannot be cultured in laboratory animals or in vitro.
Before the AIDS epidemic, the diagnosis of P. jiroveci
pneumonia typically required an open lung biopsy. With the
development of improved diagnostic techniques, diagnoses
are now established by less invasive methods. PCP in virtually all patients, HIV-infected or uninfected, can be diagnosed by careful analysis of bronchoalveolar lavage (BAL)
ﬂuid [79, 80]. Induced sputum has been shown in some studies
to be a sensitive, simple, and noninvasive means to diagnose
P. jiroveci pneumonia and may preclude the need for bronchoscopy. [81–86] Reported yields for recovery of the organism range from 70% to 95% [81, 83, 85]. On rare occasions
in the current era, tissue will be necessary to establish the
diagnosis; a video-assisted transthoracic (VATS) biopsy, a
transbronchial biopsy, or an open lung biopsy can be performed. Most often, when BAL has failed to reveal
Pneumocystis, a biopsy will reveal a pathologic process other
than PCP.

Fig. 2 CT scan of patient with PCP who developed pneumatoceles despite TMP-SMX therapy
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Fig. 3 Morphology of Pneumocystis jiroveci. (a) Methenamine silver stain of bronchoalveolar lavage; (b) Diff Quik stain of bronchoalveolar
lavage; (c) immunoﬂuorescence stain of bronchoalveolar lavage; (d) hematoxylin and eosin stain of lung biopsy

The development of monoclonal antibodies against
P. jiroveci has resulted in a rapid, sensitive, and easy method
to detect P. jiroveci in smears of respiratory specimens
[82–84, 87]. The gold standard for diagnosis is the demonstration of two or more organisms in a respiratory specimen
by direct smear and staining by immunoﬂuorescence, Giemsa
stain, or Diff Quik stain.
More recently, molecular detection assays have been
developed for detecting P. jiroveci in BAL or induced sputum
samples. PCR methods have used a variety of gene targets,
but those with the highest sensitivity use either a multicopy
gene target, such as mitochondrial rRNA, a major surface
glycoprotein [88, 89], or a nested PCR assay requiring two
ampliﬁcation rounds [90–92]. The nested assay is too labor
intensive to be practical for most clinical laboratories. PCR
has also allowed the detection of P. jiroveci in more easily
obtained specimens, such as oral washes or gargles [93–95].
Quantitative PCR assays provide a very sensitive test for
detecting Pneumocystis. A variety of copy number thresholds
have been proposed to provide speciﬁcity. No commercial
test is available. As PCR becomes more widely available,
there will need to be standardization and a systematic
approach to understanding the meaning of positive or negative

results. Respiratory secretions may contain low copy numbers
of Pneumocystis in individuals who are free of pulmonary
dysfunction and who are either immunologically normal or
abnormal. Thus, a positive PCR test does not necessarily
imply the Pneumocystis is the cause of pulmonary dysfunction. Copy number is probably helpful, although the quality
of the specimen and the type of specimen (sputum vs BAL)
will inﬂuence the copy number. It is plausible to believe that
high copy numbers correlate with Pneumocystis as a cause of
pulmonary dysfunction and that negative PCR has a high
negative predictive value. However, these likely scenarios
need to be conﬁrmed in clinical investigations under standardized protocols for specimen collection and PCR performance.
There is no sensitive or speciﬁc serologic test to diagnose
PCP. IgG antibody is present in asymptomatic adults and
thus is not useful. Even a negative test would not be helpful
since heavily immunosuppressed patients may be unable to
produce IgG antibody, even if assessed weeks after the acute
event [96, 97].
One group of investigators reported that Pneumocystis
cannot synthesize S-adenosylmethionine synthetase, an
essential growth factor for PCP. This group has proposed that
the presence of PCP in the lung correlates with a depletion of
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S-adenosylmethionine synthetase in the serum [98]. These
results have not been conﬁrmed in other laboratories [99].
C-reactive protein, LDH, and beta-d-glucan assays are also
not sufﬁciently sensitive and speciﬁc to be useful [100–104].
There are several useful investigations that have evaluated
these tests for PCP. However, given their sensitivity and
speciﬁcity characteristics, they are not clinically helpful.

Treatment
The efﬁcacy of antimicrobials in the treatment of PCP
depends on several factors: the degree of hypoxia at the time
therapy is started; the degree of immunosuppression; comorbid conditions; and the ability of the patient to tolerate the
most effective agents [105–108]. The earlier therapy is
started, the better the prognosis is likely to be.
Table 1 lists the options available for treatment of PCP [56,
109–122]. Once the diagnosis of P. jiroveci is made, outpatient therapy with an oral agent, preferably TMP-SMX, is
recommended for mild to moderately severe disease
(PaO2 > 70 mmHg). Other alternatives for oral outpatient therapy include TMP-dapsone, clindamycin-primaquine, and
atovaquone. Patients who are more severely ill with moderate-to-severe disease or who cannot tolerate oral medications
should be hospitalized and given intravenous TMP-SMX.
In sulfonamide-intolerant patients, intravenous pentamidine
should be administered.

Anti-Pneumocystis Agents
Trimethoprim-sulfamethoxazole (TMP-SMX) is the agent of
choice for initial therapy for any severity of acute PCP [107].

Table 1 Drug regimens for treatment of Pneumocystis pneumonia
Agent
Dose
Interval
Route
Speciﬁc therapy
Trimethoprim/
Sulfamethoxazole
Pentamidine isethionate
Trimethoprim plus
Dapsone
Clindamycin plus
Primaquine
Atovaquone

5 mg/kg
25 mg/kg
4 mg/kg
5 mg/kg
100 mg
600–900 mg
15–30 mg
750 mg

6–8 h

i.v. or p.o

24 h
8h
24 h
8h
24 h
12 h

i.v.
p.o
p.o
p.o/i.v.
p.o
p.o

Adjunctive therapy
Prednisone (if room
40 mg q 12 h for 5 days then
air PaO2 < 70 mmHg
40 mg q d for 5 days then
20 mg q d for 11 days
within 72 h of
initiating therapy)

p.o. or i.v.

TMP-SMX is the most effective agent. If a patient has mild
disease (PaO2 greater than 70 mmHg), and is able to tolerate
oral medications, TMP-SMX may be given in the dosage of
two double-strength tablets (160 mg TMP and 800 mg SMX)
every 6–8 h. The 8-h regimen is preferred by many clinicians
because toxicity would be expected to be less with a lower
daily dosage, and there is no evidence that efﬁcacy is
improved with the higher dose. With more severe disease or
if the patient is unable to tolerate oral medication, intravenous
TMP-SMX (5 mg/kg TMP and 25 mg/kg sulfamethoxazole
every 8 h) should be given. Total duration of therapy is usually 21 days, but there is no concrete evidence that 21 days of
therapy is more effective than 14 days [123].
TMP-SMX is associated with many toxicities, including
fever, rash, headache, nausea, vomiting, pancytopenia, hepatitis, aseptic meningitis, and nephrotoxicity. Trimethoprim
can cause hyperkalemia. Patients with suppressed bone marrow
function have predictable difﬁculty tolerating TMP-SMX.
Some toxicities of TMP-SMX can be life threatening, including Stevens-Johnson syndrome and a distributive shock syndrome that appears to be anaphylactoid. Treatment-limiting
toxicities usually occur between day 6 and day 10 of therapy.
For AIDS patients, trials suggest that approximately 25% of
patients are unable to tolerate a full course of TMP-SMX.
Minor laboratory abnormalities should not be an indication
to switch to a less effective alternative therapy.
Intravenous pentamidine is the most potent alternative
agent to TMP-SMX as initial therapy in patients who are sulfonamide intolerant. It has been shown to have equivalent
efﬁcacy to TMP-SMX in trials of patients with HIV infection or with cancer [105, 109]. However, pentamidine is not
preferred because of the high incidence of substantial toxicities, and it can only be administered parenterally. The standard dose of pentamidine is 4 mg/kg/day, given intravenously
over at least 1 h for a minimum of 14–21 days. Small studies
suggest that a lower dose of 3 mg/kg/day may be less toxic
but equally effective [110–113]. Toxicities include renal dysfunction, dysglycemias, pancreatitis, and torsades de pointes.
Renal function must be monitored closely. If there is renal
dysfunction, dosages do not need to be adjusted for pentamidine. However, patients with renal dysfunction are more
likely to develop dysglycemias. Pentamidine can cause initial
islet cell destruction that causes insulin release and hypoglycemia, followed subsequently by an inability to produce
insulin and hyperglycemia. This may occur during therapy or
weeks to months after the completion of therapy. Some
patients may subsequently develop insulin-requiring diabetes
mellitus. Patients need to be carefully assessed to determine
what other drugs they are receiving that prolong the QT
interval in order to reduce the likelihood that torsades will
occur. The latter has been reported only rarely.
Other regimens that have clinical efﬁcacy but are usually
used in mild-to-moderate disease and in those who are sulfa
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intolerant include trimethoprim-dapsone [107, 117–119],
primaquine-clindamycin [106–108], and atovaquone [116].
None of these is as effective as either TMP-SMX or intravenous
pentamidine [105, 107, 116].
Dapsone, as a single agent, is not as effective as other
alternatives in the treatment of PCP. Failure rates are approximately 40% in patients with HIV infection [117, 118]. In
combination with trimethoprim (20 mg/kg/day), however, its
efﬁcacy is comparable to TMP-SMX [119]. TMP-dapsone is
used as an alternative oral regimen in mild-to-moderate disease for patients intolerant of TMP-SMX. Approximately
50% of sulfonamide-intolerant patients tolerate dapsone.
This regimen can only be given orally and is, therefore, not
suitable for patients with severe disease or gastrointestinal
dysfunction. Trimethoprim and dapsone are not formulated
into one pill.
The combination of clindamycin plus primaquine is
another reasonable alternative for the treatment of PCP [106,
108, 120]. Investigators report success rates of 75–80% in
open, noncomparative trials with patients who are intolerant
of or failed standard treatment [106, 108]. A randomized
trial found the combination to be comparable in efﬁcacy to
TMP-SMX or TMP-dapsone in mild-to-moderate disease
[107]. Clindamycin-primaquine has also been used as a salvage regimen in patients with Pneumocystis induced respiratory failure [121], although many authorities are reluctant to
use an oral agent (i.e., primaquine) in this setting. A primaquine base of 30 mg is the usual dose. Clindamycin is
given either orally (300–450 mg every 6–8 h) or intravenously (600–900 mg every 6–8 h).
Oral atovaquone, another approved agent for treating PCP,
demonstrated a higher rate of treatment failures and was less
effective than TMP-SMX in mild-to-moderate disease [116,
120]. Oral atovaquone and intravenous pentamidine were
found to have similar success rates in mild and moderate PCP
in AIDS patients who were intolerant of TMP-SMX.
Atovaquone was better tolerated, but patients receiving atovaquone more frequently failed to respond to therapy, and
patients receiving pentamidine had more treatment-limiting
adverse drug toxicities [122]. Low plasma atovaquone levels
are associated with a poor response [116]. Low plasma levels
have been in part due to the poor bioavailability of the drug.
Even with the liquid formulation of the drug, absorption can
be unpredictable, and steady-state may not be reached for
several days. Atovaquone absorption is improved by ingestion
of a fatty meal. Atovaquone has a role as therapy for patients
with mild, stable disease who have no evidence of gastrointestinal dysfunction. If neither TMP-SMX nor TMP-dapsone is
tolerable, atovaquone is a reasonable option.
Other agents under investigation include analogs of primaquine, analogs of pentamidine, albendazole, and echinocandins or pneumocandins. There is interest in the activity
of caspofungin against the cyst form of Pneumocystis, but

there is scant clinical evidence that this drug is useful for
treating or preventing human disease [124–127].

Corticosteroid Adjunctive Therapy
The use of corticosteroids in conjunction with antimicrobial
agents has become the standard of care in the treatment of
moderate-severe PCP in AIDS patients. Three randomized
controlled studies revealed that corticosteroids signiﬁcantly
decreased the frequency of early deterioration in oxygenation and improved survival in patients who had an initial
room air PO2 < 70 mmHg [60, 128, 129]. Corticosteroid therapy is not recommended unless the diagnosis of P. jiroveci is
conﬁrmed before or immediately after starting therapy since
corticosteroids could have a deleterious effect on other pathogenic processes, such as cytomegalovirus pneumonia.
Corticosteroids hasten the symptomatic resolution of mild
PCP, and prevent the early deterioration in oxygenation
(often subclinical) in this population as well. However, for
patients with mild disease, corticosteroids are rarely used
because of concern regarding the metabolic complications of
corticosteroids, including osteonecrosis [130]. Corticosteroid
therapy is logical to use in patients with underlying immunodeﬁciency disorders other than HIV and in those with a slow
response to therapy, although no prospective trials have documented this efﬁcacy [130, 131].
It is unclear how to manage corticosteroids in patients
who were receiving these drugs when they developed PCP.
There are potential beneﬁts from raising the dose to reduce
lung inﬂammation, but this has not been studied.

Monitoring Therapy
Respiratory rate, arterial oxygenation, ventilation, temperature,
and chest radiographs should be assessed to determine initial
clinical status and then reassessed serially to determine
response to therapy. Arterial blood gases provide more precise measurement of oxygenation than percutaneous oxygen
saturation monitoring, but the latter can be used, especially
with mild disease. The median time to show improvement
with therapy is 4–10 days. Laboratory tests should be done to
check for bone marrow, liver, pancreatic, or renal toxicity
due to therapy or concurrent morbidities. Immediately after
initiation of therapy, many patients appear to have a paradoxical response. Many HIV-infected patients will get worse
with a decline in partial pressure of oxygen by 10–30 mmHg
during the initial 2–5 days after initiation of therapy before
clinical improvement is observed [132]. This decline has
been attributed to dying organisms, which elicit an intense
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inﬂammatory response. The beneﬁt of corticosteroids appears
to have the ability to blunt this inﬂammatory response.
For patients who do not demonstrate a well-deﬁned
improvement in clinical status, the initial anti-Pneumocystis
regimen should probably be continued for at least 5–10 days
before considering a change in therapy. Fluid status should
be monitored carefully because patients with PCP may have
unsuspected cardiac disease due to age, accelerated atherosclerosis, or drug-induced cardiomyopathy. Congestive heart
failure may not be evident until the patient is challenged with
large volumes of ﬂuids. Intravenous TMP-SMX is often
mixed with considerable volumes of ﬂuid.
Survival from an episode of PCP correlates most closely
with the pretreatment arterial-alveolar gradient [72, 133] as
well as with pre-existing co-morbidities. Other factors that
inﬂuence outcome include number of tachyzoites in bronchoalveolar lavage, degree of chest radiograph abnormality,
level of LDH elevation and, for patients with HIV infection,
low CD4 cell counts [71, 72, 134–137].
For a patient with an initial PaO2 >70 mmHg while breathing room air, expected survival rates are 60–80% in non-AIDS
patients and 80–95% in patients with AIDS [8, 72, 105].
Evaluation of response to therapy should be based on clinical
parameters, including temperature, respiratory rate, oxygenation, and radiographic examination. The use of bronchoscopy
to assess response to drug therapy by quantitating organisms is
not helpful in the clinical setting since cysts and trophozoites
are difﬁcult to quantitate, and P. jiroveci will be present in
bronchoscopy specimens for many weeks after initiation of
therapy, even in patients who rapidly improve [135].
In recent years, survival from an episode of PCP appears
to be about 90%, although there is considerable variation
depending on the underlying disease and how severe the
disease is when the patient presents and the diagnosis of PCP
is made [136–138].
In a patient who appears to be failing therapy after
4–6 days, clinicians need to assess for other concurrent pulmonary processes. Up to 20% of HIV-infected patients with
PCP will have another concurrent pulmonary process, such
as tuberculosis, Kaposi’s sarcoma, or bacterial pneumonia
[139]. Most clinicians perform BAL if patients are not
responding promptly, especially if the initial diagnosis was
established by sputum examination. It is not common to ﬁnd
a second treatable infectious process, but cases have been
described in which pneumococcus, Legionella, Cryptococcus,
or cytomegalovirus were found to be concurrent pathogenic
microorganisms. For some microorganisms that can either
colonize or cause disease, it is often difﬁcult to know whether
treatment is indicated. Aspergillus, atypical mycobacteria,
respiratory syncytial virus, and parainﬂuenza virus are examples of organisms that may or may not be contributing to
lung dysfunction. In refractory cases, open biopsy or VATS
procedures are warranted to determine if a treatable cause of
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deterioration had been missed by BAL or to determine which
of the various potential pathogens that have been recovered
is the causative agent. Noninfectious causes such as congestive heart failure, embolic disease, or alveolar hemorrhage
should also be considered as causes or contributors to lung
dysfunction.
Patients with PCP, especially HIV-related PCP, develop
pneumatocoeles that can rupture, causing pneumothorax.
For patients with PCP who experience a sudden deterioration, one of the ﬁrst diagnostic tests should be physical
examination followed by chest imaging to look for this
reversible cause of sudden clinical deterioration.
For patients with HIV-related PCP who are not receiving
ART, clinicians often consider starting such therapy soon
after the PCP is improving. In the past, one of the multiple
reasons to be cautious about such a change in therapy was
the possibility that ART could augment immune response
and cause immune reconstitution inﬂammatory syndrome
(IRIS) [140–144]. As the viral load declines and CD4 cell
counts increase, a more robust inﬂammatory and immunologic response can occur at sites of an existing opportunistic
infection, a recent infection, or latent infection. Risk for IRIS
is greatest in patients who experience rapid increases in CD4
cells, especially in those who had CD4 counts < 50 cells/PL
and high viral loads > 100,000 copies/mL. IRIS can occur
within days or weeks of instituting antiretroviral therapy.
With PCP, the syndrome can manifest as deteriorating oxygenation, worsening symptoms of cough and fever and shortness of breath, and worsening chest imaging. In one small
case series, patients with PCP who initially improved on conventional Pneumocystis therapy began ART within
15–18 days of PCP diagnosis. Within 1 week of beginning
ART, the patients developed respiratory failure. No other etiology aside from PCP could be documented. How often this
occurs when ART is initiated soon after PCP is unknown.
Initially, there were enough cases to make concern over IRIS
one reason to delay ART for many weeks following PCP
treatment [141, 144]. However, completed clinical trials suggest
that in the absence of compelling contraindications, early
initiation of ART near the time of initiating opportunistic
infection therapy should be considered for most patients with
an acute opportunistic infection [109, 145].
There is no diagnostic test for IRIS. Patients must be
reevaluated to determine which process is causing their deterioration, i.e., IRIS, another infection, or another noninfectious
syndrome. IRIS is a diagnosis of exclusion based on temporal
relationship and absence of another plausible cause [146].
Optimal management of IRIS has not been clearly deﬁned.
Treatment of IRIS ranges from watchful waiting to nonsteroidal agents or corticosteroids and can include changing
or intensifying the regimen used to treat the opportunistic
infection. Clinical judgment must direct management
because there are no concrete data-driven guidelines.
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When evaluating a patient who is deteriorating, an
echocardiogram is useful to assess congestive heart failure.
Empirical therapy for community-acquired pneumonia may
also be a reasonable strategy. Prednisone should be added to
the regimen if not already instituted. There are no randomized trials to help determine when speciﬁc anti-Pneumocystis
therapy should be modiﬁed because of inadequate response.
A change in therapy to a different agent is usually reserved
until the patient has had 4–8 days of ﬁrst-line therapy and
other pulmonary processes have been investigated. Most
authorities recommend a switch from TMP-SMX to intravenous pentamidine. If IV pentamidine cannot be used, then
clindamycin-primaquine is a reasonable alternative, although
primaquine is only available as an oral drug. Whether combining two regimens, such as TMP-SMX plus pentamidine
or atovaquone, produces synergy or antagonism has not been
determined If a patient is deteriorating or failing to improve
on a regimen other than TMP-SMX, strong consideration
should be given to using TMP-SMX, even if desensitization
is required in the intensive care unit.

Prevention
PCP can largely be prevented by administering chemoprophylaxis to susceptible individuals (Table 2). Chemoprophylaxis
against PCP is indicated for the period of time when patients
are at risk for developing PCP. The challenge for clinicians is
to deﬁne the magnitude and duration of risk and then to determine if the toxicities of the chemotherapeutic agent are warranted compared to the risk of PCP. For patients with HIV
infection, there are considerable data and many prospective
trials to help the clinician develop a management strategy for
patients. For most other diseases, there are only observational
data, especially in areas in which immunosuppressive regimens have changed dramatically in recent years. In situations
such as solid organ or stem cell transplantation, clinicians and
guideline committees make recommendations based on expert
opinion guided by limited data.
Table 2 Drug regimens for prophylaxis for Pneumocystis pneumonia
Agent
Total daily dose
Route
Interval
First Choice
Trimethoprim/
Sulfamethoxazole
Alternatives
Pentamidine
Dapsone
Pyrimethamine plus
Dapsone plus
Leucovorin
Atovaquone

160/800 mg (DS)
160/800 mg (DS)
80/400 mg (SS)

Oral
Oral
Oral

Daily
Twice daily
Daily

300 mg
100 mg
75 mg
200 mg
25 mg
1,500 mg

Aerosol
Oral
Oral
Oral
Oral
Oral

Monthly
Daily
Weekly
Weekly
Weekly
Daily

Historically, the successful use of TMP-SMX in controlled
trials for primary prevention of P. jiroveci pneumonia in
pediatric oncology patients [8] has been the model for the
development of prophylactic strategies. Prophylaxis for
P. jiroveci pneumonia has been shown most convincingly to
decrease morbidity and mortality in children with acute leukemia and patients with HIV infection. Most authorities believe
that it is prudent to institute primary prophylaxis for groups of
patients felt to be at high risk, including patients with organ
transplants, especially lung or heart-lung transplants, lymphoreticular malignancies, HIV with CD4 cell counts < 200
cells/PL, and patients with primary immunodeﬁciencies
[56, 57, 109, 147–151]. It is generally recommended that prophylaxis should be continued for as long as the immunosuppressive condition continues.
For patients with HIV infection, the CD4 counts are a
good marker for determining risk, as mentioned above, and
can be monitored to help deﬁne the period of risk. For immunosuppressive conditions other than HIV infection, CD4 cell
counts are not reliable, nor is any other clinical or laboratory
marker a reliable indicator for risk for PCP [68]. Thus, factors
such as the temporal relationship to immunosuppressive drugs,
time since transplantation, and time since the occurrence of
graft-versus-host disease are used to estimate the period of risk
[56, 152].
Most clinicians provide chemoprophylaxis during periods
of heavy immunosuppression for allogeneic stem cell transplant recipients, solid organ transplant recipients, and patients
receiving antineoplastic chemotherapy, high-dose corticosteroids (t20 mg prednisone daily for >1 month), or certain
other immunosuppressive agents [56, 152]. Fludarabine and
2-chlorodeoxyadenosine are two drugs with a strong association with PCP.
In patients with malignant neoplasms or organ transplants,
observational databases provide data about when to initiate
prophylaxis and how long to continue. The use of TMP-SMX
for PCP prophylaxis in stem cell transplant patients has greatly
reduced this infection in this population [56, 152–154]. Current
guidelines for prophylaxis include all allogeneic hematopoietic stem cell transplant recipients and autologous recipients
who have lymphoma or leukemia and who are receiving
intense conditioning regimens or graft manipulations and those
who have recently received ﬂudarabine or 2-chlorodeoxyadenosine. Prophylaxis should be administered from the time of
engraftment for at least 6 months after transplantation for all
recipients [56, 152]. Prophylaxis should be continued for more
than 6 months after transplantation for all persons who are
receiving immunosuppressive therapy, such as prednisone or
cyclosporine, or those who have chronic graft-versus-host
disease or rejection. Prophylaxis is usually begun 1–2 weeks
before transplantation [154]. Cases of PCP in stem cell transplant recipients usually occur when prophylaxis is stopped
despite high levels of ongoing immunosuppression [155].
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Recommendations formulated to prevent P. jiroveci pneumonia in HIV-infected patients are based on large databases,
which demonstrated that prophylactic agents should be initiated
when an HIV-infected patient's absolute CD4 cell count falls
to <200 cells/PL [109, 149], as well as for patients who have
oropharyngeal candidiasis, regardless of CD4 cell count.
Persons who have a CD4 cell percentage <14% or a history
of an AIDS-deﬁning illness should also be considered for
prophylaxis, regardless of their current CD4 cell count.
Prior to the era of potent ART, prophylaxis was recommended to be lifelong, once the patient’s CD4 count fell to
<200 cells/PL, the patient had oral candidiasis, or the patient
had an episode of PCP [62, 109, 149, 156, 157]. However, since
the introduction of ART, there have been convincing data that
primary or secondary chemoprophylaxis can be discontinued
in patients whose CD4 cell counts rise to >200 cells/PL for
3 months on ART [158–163]. However, for some patients who
have CD4 counts >200 cells/PL, it may be prudent to continue
prophylaxis if they have high viral loads > 50,000–100,000
copies/mL, rapidly declining CD4 cell counts, wasting, oral
candidiasis, or a prior episode of an opportunistic infection
with CD4 counts >200 cell/PL. Prophylaxis should be reinstituted if the CD4 cell count decreases to <200 cells/PL. The risk
of PCP is reduced by viral suppression, regardless of the CD4
count, but CD4 counts continue to be the accepted parameter
for determining the need for PCP prophylaxis in HIV infected
patients [109, 164].
TMP-SMX is the preferred chemoprophylactic agent for
patients who can tolerate it and is more effective than any
other regimen (Table 2) [56, 109–111, 120, 165–169]. This
drug has a long history of consistent efﬁcacy in a wide variety
of patients. Cytopenias, skin rashes, hepatitis, pancreatitis,
and nephritis have been reported as toxicities when prophylactic doses are used. Hematologists and transplant providers
are often reluctant to use this agent as prophylaxis because of
its potential effects on bone marrow.
True breakthroughs of PCP are unusual for patients who
are adherent to the recommended regimens of TMP-SMX.
There are data in patients with HIV infection to suggest that
intermittent regimens (one DS tablet thrice weekly) may be
slightly less effective than daily regimens, although lower
doses of TMP-SMX are better tolerated than higher doses
[170]. In children with malignant neoplasms, such differences
were not observed [171].
Aerosolized pentamidine, dapsone, dapsone-trimethoprim,
dapsone-pyrimethamine, and atovaquone also have a high
degree of efﬁcacy. Each of these regimens has some disadvantages, and none is as effective as TMP-SMX.
In a large trial (ACTG 081), 843 patients with HIV infection were randomized to TMP-SMX (1 DS tablet twice
daily), dapsone (50 mg twice daily) or aerosolized pentamidine (300 mg once monthly). Fewer episodes of PCP occurred
among patients receiving TMP-SMX than in the other two
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arms when patients with CD4 counts <100 cells/PL were
considered, but not when patients with higher CD4 counts
were assessed. In this trial, the efﬁcacy of dapsone appeared
to be better than aerosolized pentamidine. Dapsone given at
doses of 50 mg daily or less was not as effective as 50 mg
twice daily [120].
A secondary prophylaxis study was carried out in the
USA involving 310 patients with HIV infection who were
randomly assigned either to administration of aerosolized
pentamidine by a Respirgard II nebulizer or to one TMPSMX DS tablet daily [110]. When analyzed by the intentionto-treat, the recurrence rate of PCP was signiﬁcantly higher
among the patients assigned to aerosolized pentamidine
(18%) than among those that received TMP-SMX (4%). As
expected, patients that received TMP-SMX experienced frequent toxicity, resulting in discontinuation of the agent.
TMP-SMX has advantages not provided by aerosolized
pentamidine, which include low cost, oral preparation, and
probable protective effect against toxoplasmosis, enteric
bacterial infections, respiratory infections, and disseminated
Pneumocystis infection [110, 172].
Aerosolized pentamidine is usually well tolerated when
delivered by the Respirgard II at a dose of 300 mg monthly.
Other delivery systems have not been as extensively evaluated and cannot be recommended. Coughing or wheezing
occurs in 30–40% of patients, but this reaction can be diminished or prevented by the administration of a beta-adrenergic
agonist such as albuterol [114, 132, 173–175]. Bronchospasm
rarely necessitates discontinuation of prophylaxis with aerosolized pentamidine Patients with reactive airway disease or
bullous lung disease may not distribute aerosolized pentamidine effectively to all lung segments and thus may not obtain
optimal protection. There have been reports of disseminated
pneumocystosis in patients receiving aerosolized pentamidine for prophylaxis [131, 166]. Some human stem cell
transplant programs use aerosolized pentamidine prophylaxis in preference to TMP-SMX in order to avoid potential
bone marrow suppression.
Before administering aerosolized pentamidine, all patients
should be screened for active tuberculosis. Because the treatment induces coughing, patients with pulmonary tuberculosis who receive aerosolized pentamidine could transmit
tuberculosis to others [175, 176]. Ideally, aerosolized pentamidine should be administered in individual booths or
rooms with negative pressure ventilation and direct exhaust
to the outside. After the administration of aerosolized pentamidine, patients should not return to common waiting areas
until coughing has subsided.
Dapsone is an attractive alternative to aerosolized pentamidine because it is oral, convenient, and inexpensive.
Dapsone is considered by some experts to be the best alternative for patients who cannot tolerate TMP-SMX [120, 167].
It is estimated that only 20–50% of patients who are TMP-SMX
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intolerant will be able to tolerate dapsone [177]. Dose
reduction to improve tolerability is not recommended
because doses less than 100 mg daily are considerably less
effective than the full dose regimen. A case control study in
stem cell transplant recipients showed the efﬁcacy of daily
dapsone to be similar to that of TMP-SMX. Dapsone has
been well tolerated among TMP-SMX allergic stem cell
transplant recipients [178].
Weekly doses of dapsone (200 mg) and pyrimethamine
(75 mg) are well tolerated, but less effective than TMP-SMX
[179]. Dapsone-pyrimethamine has efﬁcacy as a prophylactic regimen against PCP pneumonia that is similar to aerosol
pentamidine but less than TMP-SMX. This regimen can be
given as a daily regimen (dapsone 50 mg daily plus
pyrimethamine 75 mg weekly) or as a weekly regimen (dapsone 200 mg plus pyrimethamine 75 mg) [165, 180]. It is not
clear if pyrimethamine truly adds potency against PCP [120].
Dapsone alone has no antibacterial activity. It is not clear if
it has adequate anti-Toxoplasma activity when used without
pyrimethamine.
Daily atovaquone (1,500 mg of the liquid suspension) has
comparable efﬁcacy to aerosolized pentamidine or oral dapsone [181, 182]. Atovaquone does have activity against
Toxoplasma, but the relative efﬁcacy of this regimen for preventing toxoplasmosis has not been adequately studied.
Atovaquone has no antibacterial activity. This regimen is also
much more expensive than other drug regimens.
Other potential prophylactic agents that have been used
empirically or evaluated in small clinical trials include
pyrimethamine-sulfadoxine (Fansidar), trimethoprim-dapsone, parenteral pentamidine, and primaquine-clindamycin.
Pyrimethamine-sulfadoxine is effective, but its high rate of
adverse reactions and long half-life make this an unattractive option and one that has little beneﬁt over TMP-SMX.
Small trials with parenteral pentamidine and clindamycinprimaquine have been surprisingly disappointing in terms of
efﬁcacy and cannot be recommended.

Recent Advances
Sulfonamide Resistance/DHPS Mutations
Since Pneumocystis has been widely exposed to sulfonamide
during the past 25 years, it is reasonable to expect that this
organism might develop sulfonamide resistance. Both dapsone and SMX act by inhibiting the folate biosynthesis
enzyme, dihydropteroate synthase (DHPS). Sulfonamide
resistance results from point mutations in the DHPS gene.
Because human P. jiroveci cannot be cultured and hence no
sensitivities can be directly performed, resistance is elucidated by the indirect method of sequencing the organism’s

DHPS gene and looking for characteristic mutations [183, 184].
It is unclear if the identiﬁed DHPS mutations affect the
response to therapeutic doses of TMP-SMX. A Danish study
reported that patients with mutant DHPS were less likely to
survive PCP, but other trials have found that there was no
effect on survival or response to therapy in those who had
mutant DHPS [32, 33, 185–187]. Whether the presence of
these mutations does in fact predict failure of prophylaxis or
treatment remains controversial. There is currently no compelling evidence to date that suggests a change is warranted
in the approach to the treatment or prevention of PCP based
on these studies.

Association of Pneumocystis with Chronic
Obstructive Lung Disease
There are intriguing studies linking Pneumocystis to the
occurrence and exacerbation of chronic bronchitis and chronic
obstructive lung disease [42]. At this point it is not clear
whether this association is causal. It would be intriguing to
consider the possibility that primary Pneumocystis infection,
or Pneumocystis reinfection, could be related to short-term or
long-term exacerbations of lung disease. This association is
being actively investigated.

Diagnosis of PCP by PCR
As detailed above, more and more laboratories are using
locally developed PCR assays to detect Pneumocystis in
respiratory secretions [88–95]. These assays appear to be
highly sensitive and highly speciﬁc at many laboratories.
However, they are so sensitive that they are likely to recognize small quantities of Pneumocystis that may be unrelated
to the cause of pulmonary dysfunction and unrelated to the
need for chemoprophylaxis. Before these assays can be used
to make clinical decisions, they need to be correlated with
clinical outcomes. Quantitation may improve their speciﬁcity. At this point, their major use may be to conﬁrm negative
smears; in other words, these assays probably have a very
high negative predictive value when performed in rigorous
laboratory settings.
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Infections due to Miscellaneous Fungi
John W. Baddley and William E. Dismukes

Over the past 2 decades, rare and unusual fungi, often
common soil saprophytes, have been reported increasingly
as causing invasive infections in humans. Possible reasons
for an increased frequency of unusual fungal infections
include increasing numbers of patients with immunosuppression and increasing chance for environmental exposure.
This chapter will focus on unusual and rare yeast and mould
organisms and their disease manifestations. Lobomycosis, a
chronic skin infection caused by the yeast-like organism
Lacazia loboi, will be described, followed by infections due
to basidiomycetes, and Emmonsia crescens, the agent of
adiaspiromycosis. Finally, rhinosporidiosis and pythiosis
will be discussed, although evidence indicates that these
infections are not due to true fungi.

Infections due to Yeast-Like Organisms
Lobomycosis
Lobomycosis is a chronic skin infection characterized by
nodules, plaques, and verrucoid or ulcerated lesions. The
agent of lobomycosis, L. loboi (order Onygenales), is a yeastlike organism in tissues, and an obligate human pathogen [1, 2].
Dolphins (Tursiops truncatus and Sotalia ﬂuviatilis) are the
only nonhuman hosts that acquire natural infection [2–6].
Lobomycosis occurs in tropical and subtropical forests, and
has been reported in South, Central, and North America and
in Europe [7, 8]. The majority of cases are from the Brazilian
and Colombian Amazonian regions; only recently have cases
from North America been described [9, 10].
The natural habitat of L. loboi is unknown and is difﬁcult
to investigate because the organism has never been isolated
and cultured in vitro [11]. Most infections occur on the skin in
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areas exposed to trauma, suggesting that the organism is
present in soil or on vegetation [7]. An aquatic source is also
likely, based on reported infections among dolphins [2–4].
Lobomycosis was described initially in 1931 by the dermatologist Jorge Lobo [12], who described a native of the
Amazon Valley with numerous plaques and nodules in the
lumbosacral region. His disease had progressed slowly for
19 years. Based on clinical and histologic ﬁndings of the
case, Lobo believed that the etiologic fungus was similar to
Paracoccidioides brasiliensis, and referred to the infection
as “keloidal blastomycosis” [12].
Since the initial description of lobomycosis, more than
300 human cases have been conﬁrmed [7, 9, 13]. Most
reported cases have been in males, and the occupations of
those infected often are related to mining, agricultural activities, ﬁshing, or hunting [8]. Lesions occur on cool, exposed
areas such as the feet, legs, ears, arms, elbows, and less frequently the face. Lesions can be localized or disseminated
throughout the skin, resulting from contiguous extension,
autoinoculation, or lymphatic spread. A single case has been
described which suggests visceral involvement [14]. A patient
who had had lobomycosis of the leg and knee for 47 years
was found to have a presumed testicular tumor; however histopathology results showed granulomas with giant cells and
fungi consistent with lobomycosis.
Lobomycosis usually begins as a well-circumscribed,
indurated papule, and as the cutaneous disease progresses,
the lesions enlarge and new lesions appear. Nodular lesions
are most frequent, although macules, papules, plaques,
ulcers, and verrucous lesions may be present [7] (Fig. 1).
Generally, the disease is insidious, and may progress over a
period of many years [15].
Diagnosis of lobomycosis is based on clinical features of
the skin lesions and histologic examination with special
stains of tissues; the organism has not yet been cultured
in vitro. Microscopically, the dermis contains granulomas
with foamy macrophages and multinucleated giant cells,
without the presence of necrosis. Both macrophages and
giant cells may ingest the fungi [7, 16]. The fungus, between
5 and 12 Pm in diameter, is yeast-like, lemon-shaped, and
forms beads joined together by thin bridges (Fig. 2). Cells
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Fig. 1 Multiple nodular, plaque-like lesions of the leg in a Peruvian
patient with lobomycosis (Courtesy of Beatriz Bustamante)

Fig. 2 Gomori-methenamine silver stain showing chains of Lacazia
loboi cells and multiple buds (Courtesy of David W. Warnock)

with multiple budding are frequently seen, and may resemble
budding seen with P. brasiliensis [16].
Therapy of lobomycosis is difﬁcult, and treatment with
amphotericin B, itraconazole, ketoconazole, miconazole,
trimethoprim, and ﬂucytosine has been tried but is often of
little beneﬁt [17–19]. For small skin lesions, cryosurgery or
electrosurgery may be curative. Clofazimine has been used
with some success in addition to surgery [9, 20]. For early
lesions, surgical removal may be effective, but in chronic
cases relapse after surgery is frequent [9, 13, 21].

Infections due to Miscellaneous Moulds
Basidiomycosis
The basidiomycetes, comprising mushrooms and toadstools,
are distributed widely in nature, with over 16,000 recognized
species [22]. Basidiomycetes are common plant pathogens
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or soil saprophytes, but rarely cause invasive disease in
humans [23]. Although basidiomycetes are recognized
increasingly as pathogens, their identiﬁcation is problematic.
On examination of infected tissues, septate, hyaline hyphae
are seen, and may be confused with those of Aspergillus
species. Frequently, tissue specimens show initial growth
of hyphae in culture but are difﬁcult to identify to the genus
or species level. Among basidiomycetes causing human
infection, the most recognized species is Filobasidiella
neoformans, the teleomorph (sexual state) of Cryptococcus
neoformans. Less common, but emerging, pathogens include
Schizophyllum commune, Coprinus species, Hormographiella
aspergillata, and Ustilago species.
Few cases of conﬁrmed invasive infection due to basidiomycetes, other than those of Filobasidiella neoformans,
exist in the literature, but cases and identiﬁcation of isolates
as basidiomycetes appear to be increasing [24]. S. commune,
one of the more common pathogens, has been reported as
causing a palatal ulcer that was treated successfully with
amphotericin B [25]. Other reports include several cases of
invasive or allergic sinusitis [26–31], pulmonary nodules
after cardiac transplantation [32], pneumonia [33], a case of
allergic bronchopulmonary mycosis [34], and infection associated with a bronchogenous cyst [35]. In 1996, a case of
S. commune causing pulmonary disease and brain abscess
was described in a patient receiving corticosteroid therapy
for presumptive lymphoma [24]. The patient improved with
amphotericin B and itraconazole, but later died of bacterial
pneumonia and sepsis.
Infection with Coprinus cinereus is less common, and
was the causative agent in a well-documented case of aortic
valve endocarditis [36]. No obvious source of infection was
identiﬁed. Aortic valve tissue grew C. cinereus, but the
patient died during valve replacement surgery and was not
treated. An additional case of Coprinus pulmonary infection
was described in a patient with non-Hodgkin’s lymphoma
who responded to treatment with amphotericin B [37].
Several cases of fatal pneumonia in leukemic patients due to
H. aspergillata, the anamorph of C. cinereus, have also been
described [38, 39]. Only a few cases of Ustilago species
infection have been reported. The organism was implicated
as the cause of skin infections and a brain lesion [23, 40].
The ideal treatment for basidiomycete infections is
unknown, and the paucity of cases does not allow for comparisons of outcomes with different antifungal agents.
Amphotericin B has been effective in several cases, either as
single therapy or in combination with itraconazole [24, 25, 37].
Azole agents, particularly itraconazole and ﬂuconazole, as
single therapy have achieved mixed results [34, 41]. In four
cases of sinusitis, surgical therapy alone was curative [26, 28,
29]. Recently, susceptibility data have been reported
for several different antifungal drugs against a large number
of basidiomycetes, several of which caused invasive

Infections due to Miscellaneous Fungi

infection [42]. For the species tested, 96-h minimum inhibitory concentrations (MICs) for amphotericin B, itraconazole,
voriconazole, and posaconazole were low (0.125–1 Pg/mL),
while the MICs were somewhat higher for 5-ﬂucytosine and
ﬂuconazole. Correlation between in vitro data and clinical
efﬁcacy is as yet unknown, but may become important if the
emergence of basidiomycete infections continues.

Adiaspiromycosis
Adiaspiromycosis is an unusual pulmonary mycosis that
affects humans and animals, but is most common in rodents
[43, 44]. The organisms that cause adiaspiromycosis are
Emmonsia crescens (formerly Chrysosporium parvum var.
crescens), which causes disease in humans and animals, and
Emmonsia parva (formerly Chrysosporium parvum var.
parvum), which is responsible for disease in animals.
In humans, adiaspiromycosis occurs after inhalation of
dust-borne asexual conidia of the saprophytic mould.
Adiaspiromycosis is a unique mycosis because the inhaled
conidia enlarge, but do not germinate or reproduce in the
host tissues. The conidia form adiaspores, also known as
adiaconidia, which resemble spherules in tissue.
Adiaspiromycosis is diagnosed by the characteristic ﬁnding
of adiaspores, ranging in size from 50 to 500 Pm, surrounded
by granulomatous inﬂammation in tissue (Fig. 3). Recently,
a case of disseminated adiaspiromycosis was diagnosed by
polymerase chain reaction (PCR) and sequencing, in addition to histopathology [45].
The ﬁrst human case of adiaspiromycosis, in which an
adiaspore was found incidentally in a lung nodule from a
patient with aspergillosis, was described in France [46]. Since
the initial description, more than 40 human cases have been
reported worldwide [43]. Pulmonary disease is most common,
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although adiaspiromycosis involving other organs, including
peritoneum, skin, bone, and eyes has been described [47–51].
A recent review describes the common features of infection in 11 cases of pulmonary adiaspiromycosis [43]. Lung
infection can be localized (few adiaspores limited to a segment or lobe of lung) or disseminated (bilateral disease with
multiple adiaspores). Because the inhaled conidia do not
multiply, but only enlarge in tissues, severity of disease and
extent of infection may be related to the initial inoculum of
inhaled conidia [43, 52].
In patients with localized lung disease, adiaspiromycosis
is often an incidental ﬁnding and patients are asymptomatic.
In patients with disseminated lung disease, cough, dyspnea,
asthenia, and fever are frequently seen, and respiratory failure can occur [43, 53]. Physical examination is often normal,
but may reveal basilar crackles on auscultation. In patients
with disseminated disease, radiographic studies may reveal a
reticulonodular pattern similar to that seen with miliary
tuberculosis [43].
Diagnosis of adiaspiromycosis is based on histopathologic
examination of lung tissue. Culture of the organism is difﬁcult,
and sputum or bronchoalveolar lavage specimens are rarely
culture positive in patients with disease [49, 53]. On gross
examination of lung tissue, nodules, usually white to various
shades of gray, can be seen. On microscopic exam, adiaspores
are found within the nodules (Fig. 3). In some instances the
adiaspores may be confused with parasites, such as Diroﬁlaria
or Strongyloides, but can be easily distinguished from the characteristic spherules of Coccidioides species, which contain
numerous endospores, and Rhinosporidium seeberi [43, 44].
Adiaspiromycosis often regresses, and patients improve
without any therapy. In contrast, some patients have progressive disease that may contribute to a fatal outcome [43, 52].
Given the few reported cases of adiaspiromycosis, the utility
of antifungal treatment in altering the disease course is
unknown. However, patients have improved when treated with
various antimicrobial agents, including amphotericin B plus
ﬂucytosine, itraconazole, ketoconazole, and thiabendazole
[45, 47, 49, 53, 54]. In the rare cases of clinical progression,
persistence of disease, or involvement of organs other than
lung, surgical intervention may be required for cure [43, 51].

Other Organisms Resembling Fungi
Rhinosporidiosis

Fig. 3 A section of lung tissue showing an adiaspore of Emmonsia
crescens (Courtesy of David W. Warnock)

Rhinosporidiosis is a chronic granulomatous infection of the
mucous membranes characterized by the formation of friable,
polypoid masses that most often involve the nose, nasopharynx, or conjunctiva. The etiologic agent, R. seeberi, has
traditionally been regarded as a fungus on the basis of
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morphologic and histochemical characteristics. However, it is
now most appropriately classiﬁed as an aquatic protistan parasite, a Mesomycetozoa [55, 56]. Animal infections have
occurred, as evidenced by recent descriptions of rhinosporidiosis in a domestic cat and dog [57, 58]. Rhinosporidiosis has
a worldwide distribution, but most of the reported cases have
occurred in India or Sri Lanka [59–61]. Other geographic
regions with a signiﬁcant number of reported cases include
areas of South America, Europe, and Africa [62–64].
The ﬁrst description of rhinosporidiosis was by Malbran
in 1892, after examination of a nasal polyp revealed the presence of an organism. In 1900, Guillermo Seeber, for whom
the organism is named, described the causative organism in a
nasal polyp [65]. Since the initial description, approximately
2,000 cases of rhinosporidiosis have been reported worldwide. Disease favors a male predominance (4:1), and usually
affects those between the ages of 15 and 40. Nasal infection
is twice as common as ocular infection. The precise mode of
transmission and extent of habitat of rhinosporidiosis is
unknown, but trauma of the mucous membranes is probably
necessary for most infections to occur. Water is most likely
involved in the transmission of the organism [44, 66].
Rhinosporidiosis typically involves the mucous membranes, with formation of red or purple pedunculated, polypoid masses. Lesions may range in size from small, discrete
nodules to extensive, lobulated masses. Lesions are friable,
irregular, and frequently bleed. White dots are found on the
outside of the lesions, which may give a strawberry-like
appearance. The nasal mucosa is most frequently affected,
but infection may also involve the ocular mucosa, nasopharynx, genital tract, and skin [64, 67, 68]. Disseminated disease is rare [67, 69, 70]. Patients with nasal mucosal
involvement typically present with nasal obstruction or
epistaxis. These symptoms may be accompanied by nasal
drainage and pruritus, but seldom is there nasal pain. Ocular
infection usually presents with tearing, bleeding, or foreignbody sensation [71]. The palpebral conjunctiva is most commonly affected, followed by the bulbar conjunctiva, corneal
limbus, and lacrimal sac.
R. seeberi has not been cultured in the laboratory, so the
diagnosis of rhinosporidiosis is based on typical clinical features and histologic examination with special stains.
Diagnosis of rhinosporidiosis can be made on histopathologic analysis of the excised lesion, but it can also be made
after microscopic analysis of nasal drainage [72]. Examination
of tissue reveals a variety of inﬂammatory cells, including
neutrophils, multinucleated giant cells, plasma cells, and
lymphocytes. Vascularity of the tissue is prominent. On the
epithelial surface of the lesion and in the submucosa, numerous sporangia are seen, ranging up to 300 Pm in diameter
(Fig. 4). Fungal stains, such as Gomori-methenamine silver,
and periodic acid–Schiff, are useful to highlight the walls of
the sporangia and the spores.
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Fig. 4 Nasal tissue demonstrating a sporangium of Rhinosporidium
seeberi. The sporangium contains numerous spores (Courtesy of David
W. Warnock)

The most effective therapy for rhinosporidiosis is surgical
excision of the lesions. Electrosurgery has been successful in
many cases; however, recurrence of the lesions is common
[73]. Response to medications such as dapsone, amphotericin B, and griseofulvin is reported, although the effectiveness of medical therapy is unknown [74–76].

Pythiosis
Pythiosis is a life-threatening pseudofungal infection of
humans and animals caused by Pythium insidiosum. The
organism was originally thought to be a fungus, but it is now
known that it is an aquatic oomycete, belonging to the
Kingdom Stramenopila, phylum Oomycota, class Oomycetes
[44]. The oomycetes differ from fungi in several ways: They
do not have chitin in their cell walls, several metabolic pathways differ, and part of their life cycle involves production of
motile ﬂagellated zoospores. P. insidiosum is found in tropical aquatic climates, and the disease occurs primarily in
tropical and subtropical areas. Pythiosis has been reported in
the United States, Thailand, Australia, India, Brazil, New
Zealand, Malaysia, and Haiti, and was ﬁrst described in
humans by De Cock in 1987 [77–81].
Human pythiosis is characterized by several clinical presentations: subcutaneous or cutaneous lesions, ocular disease,
vascular disease, and disseminated disease [44, 81]. Lesions,
typically painful pustules, nodules, ulcers, or cellulitis,
develop on the limbs, face, or periorbital area. Keratitis with
corneal ulceration can also occur. Vascular pythiosis is characterized by an arterial insufﬁciency syndrome of the lower
extremities [81]. Clinical ﬁndings may include claudication,
fever, leg or groin swelling, painful masses, or ulcers. Vascular
disease develops more often in patients with thalassemia [81].
Disseminated disease has been reported rarely and occurs
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typically in patients with underlying comorbidities, such as
malignancy or thalassemia [81].
P. insidiosum is acquired through traumatic implantation.
Zoospores, the infectious stage of the organism’s life cycle,
have a tropism for damaged skin, hair, and plant tissues, and
are able to encyst and form germ tubes that produce hyphae
in the tissues [44]. Invasive disease can result from local,
lymphatic, or vascular spread.
The organism can be isolated from clinical material plated
onto mycologic media. P. insidiosum grows in culture as
white colonies, and hyaline hyphae that have sparse septae
can be demonstrated on histopathology. The hyphae resemble
those of the agents of zygomycosis, but in contrast, the hyphae
of P. insidiosum stain weakly with Gomori-methenamine
silver or other fungal stains [44]. Immunoﬂuorescence or
molecular assays have been useful to diagnose pythiosis in
the absence of cultures [82, 83].
Treatment of pythiosis usually requires surgical debridement and systemic antifungal agents. For ocular disease,
topical miconazole, amphotericin B, natamycin, and ketoconazole, in addition to systemic antifungals, have been used
with success [78]. For cutaneous or subcutaneous disease,
itraconazole, amphotericin B, supersaturated solution of
potassium iodide, and terbinaﬁne may be effective [77, 78,
81]. Because of the morbidity associated with arterial disease, prompt recognition, early surgical intervention, and
systemic antifungals are necessary. However, only marginal
success has been achieved with amphotericin B, terbinaﬁne,
or itraconazole [81, 84].
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Fungal Infections in Neutropenic Patients
Juan C. Gea-Banacloche, Andreas H. Groll, and Thomas J. Walsh

Magnitude and Scope of the Problem
Invasive fungal infections (IFIs) continue to be a signiﬁcant
problem in neutropenic patients. They are common, difﬁcult
to diagnose, and associated with high mortality rates. Their
frequency may be estimated by two types of studies: autopsy
surveys and controlled trials of antifungal agents for empirical treatment of prolonged fever during neutropenia. Autopsy
studies are surprisingly consistent over the years, and some
of them are summarized in Table 1.
Bodey reviewed the records of all 454 patients with acute
leukemia who died at the National Institutes of Health
between 1954 and 1964 and found that 107 patients (24%)
had a “major” fungal infection (excluding focal candidiasis)
[1]. In a similar single-center review of 1,017 autopsies during a 15-year period (1989–2003) published 40 years later,
investigators at the MD Anderson Cancer Center identiﬁed
IFIs in 31% [3]. Other autopsy studies are consistent with
this high frequency in leukemia [2, 6]. The proportions are
much lower for patients with solid tumors (1–8%). The
autopsy studies are also consistent on the fact that a large
percentage (frequently the majority) of fungal infections
went undiagnosed during life. The most important change
over the years is that ﬁlamentous fungi (moulds), mainly
invasive aspergillosis (IA), have become the most commonly
identiﬁed IFI, replacing invasive candidiasis [3, 5, 7]. A report
from Germany suggests other trends, including a possible
decrease in undiagnosed infections in the most recent period
analyzed, 2001–2005 (from 70% to 58%) [5].
These numbers must be interpreted with caution and
should be considered the highest end of the estimate because
of the selection bias inherent in autopsy studies and the various deﬁnitions used in the different series [8, 9]. A different
estimate comes from the large trials of empirical antifungal
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therapy in neutropenic fever, which have documented
relatively low frequencies of IFI either at the initiation of the
antifungal agent (between 1.5% and 5.9%) [10, 11] or as
breakthrough infections during treatment (between 2.6% and
5.5%) [10, 12, 13]. Given the limitations of diagnostic tools
for the detection of IFIs, these studies may underestimate the
true frequency of mycoses in neutropenic hosts.
This broad range of estimates reﬂects in part methodologic and deﬁnition issues [14, 15], but it also underscores
the fact that not all neutropenic patients are at the same risk
[16, 17]. The essential concepts are that IFIs are common
and difﬁcult to diagnose and that most of them are caused by
Aspergillus and Candida species.
The relative proportions of pathogens have changed
over the years. Recent autopsy studies show a preponderance of moulds over yeasts [3, 5, 7]. In the period 2001–
2005 Donhuijsen et al. documented 17 cases of aspergillosis
and 2 of candidiasis in 67 autopsies, in contrast with the
period 1976–1980, when 10 cases of aspergillosis and 26
of candidiasis were noted in 335 autopsies [5]. Similarly,
investigators at the MD Anderson Cancer Center documented
68 mould infections and 23 Candida infections in 268 autopsies in the period 1998–2003, compared with 89 and 62,
respectively, in 466 autopsies performed between 1989
and 1993 [3]. The randomized controlled trials of empirical
therapy show candidiasis as the most common baseline infection, and Aspergillus and Candida are the most common
breakthrough fungal pathogens (Table 2) [12, 13, 18];
this has been conﬁrmed also in case series from several institutions [19].
Studies of systemic prophylaxis (Table 3) show that
Candida albicans has been almost completely eliminated
and that aspergillosis is a more common breakthrough infection than non-albicans Candida species [20–23]. A few cases
of IFI are caused by Fusarium, Zygomycetes, Trichosporon,
and other fungi.
Most cases of candidiasis in neutropenic patients receiving
ﬂuconazole prophylaxis are now caused by non-albicans
Candida species [24–26], particularly C. glabrata and
C. krusei [27, 28]. These species are often more resistant and
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Table 1 Selected autopsy studies of patients with hematological malignancies
Bodey [1]
Bodey et al. [2]
Chamilos et al. [3]
Setting

Larbcharoensub et al. [4]

Donhuijsen et al. [5]

12 Hospitals Canada,
Japan and Europe
1980–1988

Single Cancer
Center, US
1989–2003

Single Center Thailand

Single Center Germany

Years surveyed

Single Research
Center
1954–64

1997–2006

1976–2005

Patients

Acute leukemia

All malignancies

Hematologic
malignancies
1,017
314 (31%)
113
178
36
63
NA

All autopsies

Hematologic
malignancies
1,591
340 (21.4%)
122
188

Number
454
4,096
1,652
Patients with IFI (%) 107 (24%)
455 (11.1%)
155 (9.4%)
Candida
71
265
50
Aspergillus
38
137
62
Other molds
6
52
5
Mixed/other
40
24
38
Leukemic patients
107/454 (24%)
157/633 (25%)
NA
167/565 (29.6%)
with IFI
75%
> 80%
75% (as proven or
Proportion of IFIs
36%
70% (1976–83) to 58%
probable by
undiagnosed
(1998–2005)
EORTC-MSGa)
during life
IFI invasive fungal infection, NA not available, EORTC/MSG European Organization for Research and Treatment of Cancer/Mycoses Study
Group
a
This 75% does not mean the fungal infections were not unsuspected; it just means that they did not meet EORTC/MSG criteria for probable or proven
IFIs. This statistic may be more an illustration of the limitations of the criteria than of the current tendency to consider IFIs in neutropenic patients

Table 2 Baseline and breakthrough fungal infections documented in selected studies of empirical antifungal treatment for persistent fever during
neutropenia
Walsh et al. [18]
Walsh et al. [12]
Walsh et al. [13]
AmB-d
L-AmB
Vori
L-AmB
Caspo
L-AmB
Total
Number
344
343
415
422
556
539
2,619
Antifungal prophylaxis
ND
ND
222
250
313
304
Total IFIs at baselinea (%)
11 (3%)
11 (3%)
13 (3.1%)
6 (1.4%)
27 (4.9%)
27 (5%)
95
Aspergillus
2
2
12
12
28
Candida
11
11
10
3
12
12
59
Zygomycetes
1
1
0
2
Other
1
2
3
6
Total breakthrough IFI (%)b
27 (7.8%)
11 (3.2%)
8 (1.6%)
21 (5%)
29 (5.2%)
24 (4.5%)
120 (4.6%)
Aspergillus
12
6
4
13
10
9
54
Candida
12
3
2
6
16
15
54
Zygomycetes
0
1
2
0
2
0
5
Other
3
1
0
2
2
1
9
AmB-d Amphotericin B deoxycholate, L-AmB liposomal amphotericin B, Vori voriconazole, Caspo caspofungin, IFIs invasive fungal infections
a
Baseline infections were those present on or before day 1–2 of the study
b
Breakthrough infections those identiﬁed on day 2–3 or later

Table 3 Breakthrough fungal infections documented in selected studies of systemic antifungal prophylaxis during neutropenia
Winston et al. [20]
Van Burik et al. [21]
Marr et al. [22]
Cornely et al. [23]
Flu
Itra
Flu
Mica
Flu
Itra
Flu/Itra
Posa
67
71
457
425
148
151
298
304
Candida albicans
0
0
0
1
Non-albicans Candida
8
2
2
3
Aspergillus
8
3
7
1
Zygomycetes
0
1
0
1
Fusarium
1
0
2
1
Other
0
0
0
0
“Rescue” antifungal for suspected IFI
ND
ND
94
68
Total IFI probable/proven
17
6
11
7
Flu = ﬂuconazole, Itra = itraconazole, Mica = micafungin, Posa = posaconazole

0
4
17
1
1
0
25
22

0
3
8
0
0
0
19
11

0
2
20
2
0
0
101
25

0
3
2
0
0
1
68
7

Total
1,921
1
27
66
5
5
1
106
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cause higher attributable mortality rates than C. albicans or
C. parapsilosis [29].
Fungal infections are associated with a high mortality rate
in neutropenic patients. Neutropenia as a risk factor for mortality in IFIs has been documented by retrospective series
[30–33] and controlled trials [34]. In the case of candidiasis,
the overall response rate decreases from 70% to approximately 50% in neutropenic patients in most randomized controlled trials [35, 36]. The therapeutic options for candidiasis
and aspergillosis may result in successful outcomes, even in
cases of prolonged neutropenia, but some infections, such as
fusariosis and scedosporiosis, still have a very poor prognosis
unless neutrophil recovery ensues [33, 37].

Deﬁcits in Host Defenses Predisposing
Neutropenic Patients to Invasive Fungal
Infections
Protracted, profound myelosuppression has been recognized
as the major risk factor for development of IFIs [38–41].
Other risk factors that should be considered [16] include the
use of broad-spectrum antibacterial agents, corticosteroids,
central venous catheters, the status of the patient's underlying
disease, and the type of cytotoxic chemotherapy, especially
agents which disrupt mucosal integrity [42] (Table 4).

Table 4
Host factors associated with increased development of invasive fungal
infections in granulocytopenic patients
Protracted granulocytopenia
Corticosteroid therapy
Broad spectrum antibiotics
Relapsed neoplastic disease
Hematological neoplasias
Previous invasive pulmonary aspergillosis
Central venous catheters
Total body irradiation
Allogeneic bone marrow transplantation
T-cell depletiona
Graft versus host diseasea
Host factors associated with possibly reduced development of invasive
fungal infections in granulocytopenic patients
Solid tumors
Remission of neoplastic disease
Recovery from granulocytopenia related to
Spontaneous recovery
Recombinant hematopoietic cytokinesb
Stem cell reconstitutionb
Granulocyte transfusionsb
a
Additional host factors further compromising the allogeneic bone marrow
transplant recipient
b
Investigational for reducing development of invasive fungal infections
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Candida colonization has been shown to be an important
risk factor for the development of superﬁcial candidiasis and
subsequent invasive infection [43, 44], and broad-spectrum
antibiotics increase the risk of fungal colonization [45].
Patients with hematologic malignancies, particularly acute
myelogenous leukemia (AML), have a much higher frequency
of opportunistic mycoses than do patients with solid tumors
[46]. Patients with relapsed versus newly diagnosed neoplastic
disease have an increased risk for infectious complications for
several reasons, including diminished bone marrow reserve
and need for more intensive chemotherapy, with subsequent
increased mucosal disruption and opportunities for fungal
colonization. The disruption of the mucosal barriers is an
important factor in establishing disseminated candidiasis in
animal models of granulocytopenia [47]. Similar ﬁndings have
been observed in patients receiving cytarabine for acute leukemia [42]. Venous catheters represent another portal of entry
into the bloodstream for yeast-like fungi.
Corticosteroid use increases the risk of invasive aspergillosis (IA), mainly through an inhibitory effect on phagocytosis [48]. The duration and dosage of glucocorticoids correlate
strongly with the development of aspergillosis following allogeneic stem cell transplantation (HSCT) [49], Corticosteroids
also result in defective cell-mediated immunity. Other agents
that have immunosuppressive action have a less clear effect
on fungal infections. As an example, ﬂudarabine seems to
be associated mainly with an increased incidence of cryptococcosis [50]. Radiation therapy also decreases cellmediated immunity and contributes to the disruption of
mucosal barriers.

Clinical Manifestations of Invasive Fungal
Infections in the Neutropenic Host
The clinical manifestations of IFI in neutropenic patients
are seldom speciﬁc, and early detection remains difﬁcult.
A Consensus Group of the European Organization for
Research and Treatment of Cancer/Invasive Fungal Infections
Cooperative Group and the National Institute of Allergy and
Infectious Diseases Mycoses Study Group (EORTC/MSG)
put forward [14] and revised [15] deﬁnitions of IFIs in
patients with cancer and HSCT. IFIs are classiﬁed as proven,
probable, and possible, based on a combination of host factors, clinical criteria (which include clinical manifestations
and radiologic evidence), and mycologic criteria (which
include direct microbiologic or pathologic evidence as well
as indirect tests that detect fungal antigens or cell wall constituents). Even if these criteria are for clinical research and
not to indicate treatment of individual patients, the concept is
helpful and allows for a better understanding of the published
evidence.
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Invasive Candidiasis
Acute disseminated candidiasis is typically characterized by
fever, with or without sepsis syndrome. The physical examination may reveal vitreal opacities related to Candida endophthalmitis, erythematous maculopapular cutaneous lesions, and
myalgias [51] (Fig. 1). Chronic disseminated candidiasis (hepatosplenic candidiasis) characteristically presents as new fever
after recovery from neutropenia, with alkaline phosphatase
elevation and tenderness in the right or left upper quadrants
[52]. Radiologic investigations are typically unrevealing in
acute hematogenous candidiasis, but are frequently the key
diagnostic test in chronic disseminated candidiasis, in which
ultrasound, computed tomography (CT), and magnetic resonance imaging (MR) may reveal characteristic “target-like”
lesions in liver, spleen, and kidneys [52–54] (Fig. 2).

Invasive Aspergillosis
The most common clinical presentation of IA in the neutropenic patient is persistent or recurrent fever [55, 56].

Fig. 1 (a) Erythematous maculopapular skin lesions in a patient with
disseminated candidiasis. (b) Methenamine silver stain of biopsy specimen from the same patient showing numerous yeast and hyphal forms
consistent with Candida species

Fig. 2 Scan showing characteristic enhancing lesions in the liver and
spleen in a patient with chronic disseminated candidiasis

The respiratory tract is the most common portal of entry and
target of Aspergillus species. In neutropenic hosts, Aspergillus
has a strong propensity for invasion of blood vessels resulting
in vascular thrombosis, infarction, and tissue necrosis [57].
This process contributes to many of the clinical manifestations
of pulmonary aspergillosis, including pleuritic pain, nonproductive cough, hemoptysis, pleural rub, and occasionally
adventitious breath sounds [58, 59]. In the case of sinus
involvement, signs and symptoms include fever, orbital swelling, facial pain, and nasal congestion [60]. Angioinvasion by
the mould may cause cavernous sinus thrombosis. An ulcerated lesion on the hard palate or gingiva may be present [61].
Radiographic manifestations of invasive pulmonary aspergillosis include bronchopneumonia, lobar consolidation,
segmental pneumonia, multiple nodular lesions resembling
septic emboli, and cavitary lesions [62–66]. The chest radiograph may initially appear normal due to the poor inﬂammatory response. However, with early use of CT scanning it has
been shown that the “halo sign” may be observed early in
the majority of neutropenic patients with proven IA [63].
The halo sign consists of a delicate inﬁltrate at the edges of the
denser consolidation and likely represents edema around the
infarcted tissue [64, 65, 67, 68]. With initiation of antifungal
therapy, this process may be stabilized or reversed [69];
after recovery from neutropenia, cavitation and appearance
of a “crescent sign” may occur [63, 70, 71] (Fig. 3). Other
early lesions visible on CT scan are peripheral or subpleural
nodules contiguous with the pulmonary vascular tree. Early
radiographic recognition of pulmonary lesions by CT contributes to more prompt initiation of appropriate antifungal
therapy [65, 67, 72].
Dissemination involves characteristically the central nervous system (CNS) and the skin. CNS involvement may be
clinically silent or present dramatically as an embolic stroke
[73]. Imaging, preferably by MR scanning, is indicated when
the diagnosis of aspergillosis is made, even in the absence of
symptoms. The neuroradiologic ﬁndings are variable, as the
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Fig. 3 Chest CT scan showing various manifestations of invasive
aspergillosis in a patient who had received a hematopoietic stem cell
transplant (HSCT) and was neutropenic. (a) Nodular mass with ground
glass changes surrounding the nodule (halo sign) when the absolute
neutrophil count (ANC) was extremely low; (b) enlarging mass as

neutrophils recover; (c) cavitation as the immune response improves;
(d) Smear of ﬁne-needle aspirate obtained just before recovery of neutrophils showing septate hyphae with dichotomous branching consistent with Aspergillus species

pathologic lesions may be infarction, hemorrhage, or abscess
[74–76]. The lesions may lack ring enhancement, particularly during neutropenia. Disseminated aspergillosis involving
the skin is characterized by erythematous nodules with hemorrhagic infarctions. Septated hyphae with dichotomous
branching are detected in the biopsy.

past 15 years to cause severe pulmonary, sinus, and disseminated infections [77–81]. The portals of entry of Fusarium
species include lungs, sinuses, catheters, and skin, particularly periungual regions. Fusarium has become increasingly
recognized as a cause of paronychia in neutropenic patients
receiving broad-spectrum antibiotics. These portals of entry
may lead to widespread dissemination, fungemia with positive blood cultures in approximately one-half of cases, and,
occasionally, chronic hepatic infection upon recovery from
neutropenia. On physical examination one may observe nodular
cutaneous lesions as a reﬂection of disseminated infection [82]
(Fig. 4). Biopsy of these lesions reveals hyaline branching septate hyphae that are not reliably distinguishable from those of
Aspergillus and extensive necrosis surrounding the fungal
elements [77].

Fusariosis
Fusarium species (Fusarium solani, Fusarium oxysporum,
Fusarium moniliforme, and Fusarium chlamydosporum) in
granulocytopenic patients undergoing intensive antileukemic
chemotherapy or HSCT have been recognized during the
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Fig. 4 Painful nodular skin lesion in a patient with disseminated
fusariosis
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patients. Rhinocerebral infection usually begins as an infection
of the paranasal sinuses, especially maxillary and ethmoid
sinuses, which progresses to invade the orbit, retro-orbital
region, cavernous sinus, and brain. Angioinvasion with thrombosis causes ischemic necrosis. A black eschar on the palate or
nasal mucosa and drainage of a black discharge from the eye
are characteristic manifestations of infarction.
Diagnosis of pulmonary infection requires a high degree
of suspicion and an aggressive approach [91–94, 96]. BAL
can be performed in almost all patients. Brushings and transbronchial biopsies require an adequate platelet count. CT can
deﬁne the extent of disease and guide ﬁne-needle aspiration.
Open lung biopsy by thoracoscopy in select cases or by
thoracotomy is sometimes the only deﬁnitive diagnostic procedure for detection of pulmonary infection. Rarely, primary
cutaneous disease may develop in a neutropenic patient [97],
producing risk of subsequent dissemination. Biopsy of new
skin lesions is essential to establishing the diagnosis.

Scedosporiosis
Scedosporium species causes pneumonia and disseminated
infections in neutropenic and other compromised hosts
[83–88]. Pneumonia due to Scedosporium species is clinically indistinguishable from that due to Aspergillus species.
As with pulmonary aspergillosis, dissemination complicating
Scedosporium pneumonia often involves the CNS [83, 89, 90]
and may cause multiple cutaneous lesions. Diagnostic procedures and approaches, including thoracic CT scan, bronchoalveolar lavage (BAL), and lung biopsy are also similar to
those for invasive pulmonary aspergillosis.
The organism in tissue and direct smears resembles the
angular, septate, dichotomously branching hyphae of Aspergillus
species. However, terminal annelloconidia may be observed
histologically in some infected tissues. Deﬁnitive microbiologic diagnosis is established by culture, in which the
organism may grow as the synanamorph Scedosporium
apiospermum or as the teleomorph Pseudallescheria boydii
with cleistothecia. Scedosporium proliﬁcans in culture is
characterized by distended phialides.

Trichosporonosis
Trichosporon species are pathogenic yeasts which cause fatal
disseminated infection in immunocompromised patients, particularly those with neutropenia, and mucosal disruption due to
cytotoxic chemotherapy [98, 99]. The portals of entry are the
gastrointestinal tract and vascular catheters; however, increasingly investigators are recognizing that aspiration may occur,
leading to a Trichosporon bronchopneumonia and dissemination. The characteristic constellation of disseminated disease
includes renal failure, pulmonary inﬁltrates, multiple cutaneous lesions, and characteristic chorioretinitis. This process can
evolve into chronic hepatic trichosporonosis in patients who
recover from neutropenia. Persistent fungemia despite administration of amphotericin B (AmB) is a clue to this infection.

Detection of Fungal Pathogens
in the Neutropenic Host

Zygomycosis (Mucormycosis)

Candidiasis

This class of organisms, which has undergone recent nomenclature changes, is characterized by the presence of sparsely
septated or nonseptated broad hyphae in tissue. Recent case
series from Europe and the USA have reported the characteristics of the disease over the last decade [91–94], and a review of
all documented cases has been published [95]. Rhinocerebral,
pulmonary, and disseminated mucormycosis are the most
frequently encountered conditions in immunocompromised

Direct Examination
Direct examination of a specimen provides information about
the cellular composition of any inﬂammatory reaction, the
relative amount of Candida species present, the distinctive
morphologic features of the organism, such as the presence of
blastoconidia (budding yeast forms), pseudohyphae, and
hyphae, as well as the presence of other pathogens. Direct
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examination of urine may promptly identify Candida species
as the cause of a urinary tract infection. The signiﬁcance of
candiduria depends greatly upon the immune status of the host
and the presence or absence of speciﬁc risk factors for disseminated candidiasis [100, 101]. Febrile neutropenic patients with
candiduria of any colony count from a correctly collected urine
specimen should be considered as having a high probability for
invasive candidiasis [102]. As yeast-like fungi other than
Candida species may infect neutropenic patients, differentiation from other genera, especially Cryptococcus, Trichosporon,
Rhodotorula, and Malassezia is important [103–105].

Detection of Fungemia
Detection of Candida species in the bloodstream must be
considered to be signiﬁcant until proven otherwise. Blood
cultures growing Candida species from a vascular catheter
are not considered mere catheter colonization; vascular catheters may be the target of fungemia from a distal site or the
portal of entry of Candida species [106–108]. Negative
peripheral blood cultures do not reliably exclude the diagnosis of disseminated candidiasis. Berenguer et al. addressed
this question by determining the frequency with which lysis
centrifugation blood cultures yielded Candida species in
patients with autopsy-proven invasive candidiasis [109].
Blood cultures were positive in 7 of 9 patients with >3 organs
infected in comparison with only 5 of 18 patients with 1 organ
infected (p = 0.024). This study demonstrated that there is a
direct relation between the tissue burden of Candida and the
frequency of detection of fungemia and that the lysis centrifugation system had a relatively low sensitivity for detecting fungemia in early deep candidiasis.
Depending on the method used, blood cultures should be
incubated for 5–7 days when there is suspicion of fungemia
[110, 111]. The automated blood culture systems have been
shown to be equivalent to the lysis centrifugation technique
in detection of candidemia [112, 113].

Immunodiagnostic and Molecular Methods
The limitations of clinical assessment and blood culture
systems in early detection of invasive candidiasis warrant
development of newer nonculture methods. Most of these
methods should be considered investigational at this time,
but assays for the detection of (1Ȣ3) beta-d-glucan (BG) are
commercially available and have been approved by the FDA
for the diagnosis of invasive fungal infections, including
candidiasis. BG is a component of the cell wall of many
fungi, including Candida spp., Aspergillus spp., Fusarium
spp., Trichosporon spp., and others [114]. The organisms
causing mucormycosis do not contain BG and cannot be

Table 5 Known causes of false positive ß-d-glucan
Causes of false-positive E-d-glucan
Intravenous amoxicillin-clavulanic [116]
Surgical gauze [117]
Dialysis membranes (cellulose) [118]
Albumin [119]
Intravenous immunoglobulin [119, 120]
Coagulation factors (contamination with cellulose membranes) [119]
Some episodes of bacteremia: Pseudomonas aeruginosa [121],
streptococcal bacteremia [122]

detected by this assay, and Cryptococcus does not contain
enough BG to be detected by this assay [115]. With the
currently available FDA-approved test (Fungitell®), levels
above 80 pg/mL are considered positive. A list of causes
of false-positive BG tests is shown on Table 5.
The ﬁrst published studies of BG validated the assay and
established cutoff values and showed a wide range for sensitivity (55–100%) and speciﬁcity (87–93%) [123–126]. These
studies included a variety of patient populations and designs.
A case series supported high sensitivity for invasive candidiasis,
but raised the concern of high frequency of false-positive results
in cases of bacteremia [122]. Subsequently a clinical trial in
190 neutropenic episodes in 96 patients with acute leukemia
who were not receiving antifungal prophylaxis used intensive
monitoring of BG and strict EORTC/MSG criteria to deﬁne
probable and proven IFI to study the efﬁciency of the test when
analyzed as a single value or as two consecutive values [127].
In this study, which used the Japanese BG assay, the investigators found that the best diagnostic performance of the test was
achieved by using two consecutive values t 7 pg/mL as the
diagnostic cutoff, which resulted in sensitivity of 63% (95%
CI, 44–79%) and speciﬁcity of 96% (95% CI, 89–98%). There
were no false-positive results caused by bacteremia. All “falsepositives” were in patients with heavy fungal mucosal colonization, and most false-negatives occurred in patients receiving
systemic antifungal agents [127]. Another study from a single
center monitored 85 patients, 65 with EORTC/MSG proven or
probable fungal infection and 20 nonneutropenic controls with
solid tumors, during 12 weeks and compared BG with galactomannan [128]. In this case-control design, the monitoring was
much less intensive, and the results showed the BG test had a
sensitivity of approximately 60% and speciﬁcity of about 90%
using the manufacturer’s recommended cutoff of 80 pg/mL and
two consecutive positive tests.
The published evidence does not allow for a deﬁnitive
recommendation regarding the use of BG in neutropenic
patients. At the present time, it seems most useful as a screening test to be obtained several times weekly in patients at risk
rather than as an “ad hoc” diagnostic test in the neutropenic
patient suspected of having an IFI.
Several different DNA-ampliﬁcation systems are being
developed for the diagnosis of Candida infections [129, 130].
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In one of the most promising trials, McMullan et al. correctly
identiﬁed eight of nine patients with C. albicans candidemia
and two of two patients with C. glabrata infection by using a
combination of three sets of nested real-time polymerase
chain reaction (PCR), each set with primers speciﬁc for a
few species of Candida [129]. Most notably, there were no
false-positive results in 491 serum samples. The future role
of this approach is difﬁcult to predict, as the routine application of nested PCR has logistical difﬁculties [131], and it
may be argued that the actual need is for a method that will
be more sensitive than blood culture.

Aspergillosis
Microbiology and Direct Examination
The genus Aspergillus consists of more than 600 species, but
only a few are pathogenic for humans [132]. The most common of these are Aspergillus fumigatus and Aspergillus ﬂavus.
Other species, such as Aspergillus terreus, Aspergillus ustus,
and Aspergillus nidulans, are also known pulmonary pathogens in humans. Aspergillus niger is commonly isolated as
a saprophyte, but is seldom proven to be a cause of IA in
cancer patients.
Aspergillus species in tissue form angular dichotomously
branching septate hyphae. This histopathologic pattern may
be observed in infection due to Aspergillus species,
Pseudallescheria boydii, Fusarium species, and several less
common fungi. Culture is the only way to distinguish these
invasive fungi. Because the antifungal susceptibility of these
various genera varies, this distinction has therapeutic
importance.
Aspergillus is an uncommon contaminant in most clinical
microbiology laboratories. Early studies conducted by Aisner
et al. found that positive nasal surveillance cultures of A. ﬂavus
during the midst of an outbreak of nosocomial aspergillosis
in granulocytopenic patients correlated signiﬁcantly with IA
[133]. These ﬁndings have not been consistently corroborated in non-outbreak settings, and surveillance cultures are
not routinely recommended. In contrast, isolation of
Aspergillus species from respiratory secretions from febrile
neutropenic patients with pulmonary inﬁltrates is strongly
associated with IA. Among 108 consecutive patients from
whom Aspergillus species were isolated, Yu et al. found that
all 17 patients with granulocytopenia and/or leukemia who
had lung tissue examined had IA [134], but IA was not found
in nonimmunosuppressed patients or in nongranulocytopenic
patients with solid tumors. Another retrospective study also
underscored the signiﬁcance of isolation of Aspergillus species from respiratory secretions in high-risk populations
[135]. Thus, isolation of Aspergillus species from respiratory
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tract cultures of febrile neutropenic patients with pulmonary
inﬁltrates should be considered evidence of IA.
Mucosal eschars may be observed by careful examination
of the nasal septum and turbinates in patients with Aspergillus
sinusitis. Biopsy and culture of these lesions may reveal
hyphae. A sinus aspirate demonstrating hyphae may preclude the need for bronchoscopy. Although Aspergillus is the
most common fungus isolated from the sinuses of immunocompromised patients, other fungi, including Zygomycetes,
Fusarium, Scedosporium, Curvularia, and Alternaria, may
be recovered.
BAL has been found to yield variable results in patients
with tissue-proven IA, with sensitivity varying from 30% to
59% [136–138]. The combination of microbiologic culture
with cytopathology increases the diagnostic yield [139]. The
presence of Aspergillus species in BAL ﬂuid in a febrile granulocytopenic patient with new pulmonary inﬁltrates is indicative of IA. However, the absence of hyphal elements or positive
culture by no means excludes the diagnosis. In the case of very
peripheral nodular lesions, a ﬁne-needle biopsy may have a
better yield, even if the morbidity is potentially higher
[140–142]. If the foregoing methods do not yield a microbiologic diagnosis, then lung biopsy should be performed for histopathology and culture. Ideally the biopsy should include
both the periphery as well as the central areas of abnormal
lung because the distribution of organisms may vary.

Immunodiagnostic and Molecular Methods
The current deﬁnitions of invasive fungal infections in immunocompromised hosts now include Aspergillus galactomannan (GM) in the CSF, BAL ﬂuid, or blood as one of the
microbiologic criteria for probable and possible aspergillosis
[15, 143–145]. The current FDA-approved, commercially
available GM test (Platelia® Aspergillus, Bio-Rad Laboratories)
is an enzyme immunoassay (EIA) that uses rat monoclonal
antibodies, which recognize ß (1m5)–linked galactofuranose. The result is compared to a cutoff control and
expressed as a GM index [146]. Some early studies used an
index t 1 as positive [147, 148], but it was subsequently
demonstrated that an index t 0.5 is more sensitive for
detecting IA [149], and this value is used as a cutoff in the
USA. Table 6 shows a list of known causes of false-positive
GM results. The use of piperacillin-tazobactam and other
beta-lactam antibiotics derived from Penicillium has been
particularly well documented.
Several studies addressing the accuracy of the GM assay
have been performed, using diverse settings and a variety of
patient populations [168–171]. While initial reports suggested
that the test lacked speciﬁcity in pediatric patients, more recent
studies demonstrate a level of speciﬁcity and sensitivity in
neutropenic children that is comparable to that of adult patients
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Table 6 Known causes of false-positive galactomannan
Causes of false-positive galactomannan
Piperacillin-Tazobactam [150, 151]
Other beta-lactams [152]: ampicillin [153], amoxicillin-clavulanate
[154, 155] – antibiotics that are fermentation products of Penicillium
Infant formula [156]
Enteral feeding with soybean protein [157]
Aspiration pneumonia [158]
PlasmaLyte (both IV and in bronchoalveolar lavage) [159, 160] or
other gluconate-containing solutions [161]
Graft-versus-host disease [162]
Contamination with cardboard particles [163]
Other fungi (cross-reactive galactomannan): Histoplasma [164, 165],
Penicillium spp. [166], Geotrichum spp. [167], Neosartoria spp.
and possibly Paecilomyces spp., Alternaria spp., Trichophyton spp.,
Botrytis spp., Wallemia spp., Cladosporium spp., Biﬁdobacterium
spp. [146].

with leukemia [172]. The best results during neutropenia have
been reported by Maertens and colleagues, who retrospectively tested serum samples that had been collected daily or
twice a week from 203 patients who had 239 episodes of neutropenia [173]. Thirty-ﬁve patients developed 38 episodes of
IA (19 proven, 19 probable) using EORTC/MSG criteria [14]
without considering the results of the GM assay. This design
allowed the investigators to determine the performance of the
test with different cutoff points – either as a single value or as
two positive values. The optimal performance was found with
a cutoff of the GM index t 0.5 and a requirement for two
abnormal results. This resulted in a sensitivity of 92% (84%
for probable, 100% for proven) and a speciﬁcity of 97.5%.
The GM frequently became positive a week before the diagnosis by conventional methods was made, although the sensitivity was higher the week of the diagnosis.
Determining the GM in BAL ﬂuid may offer increased
sensitivity, particularly in neutropenic patients [170, 174];
however, compared to serum, the experience is more limited
and the optimization of the cutoff point for different patient
populations has not been elucidated [175–177].
With increased experience in the use of GM, several
points have become clear. The test is most useful as a screening test obtained at least twice weekly [178]. The sensitivity
in clinical practice is lower than the optimal results of the
clinical studies, and it may be less than 50% in some patient
populations [128]. The sensitivity is much higher in profoundly neutropenic patients who have an absolute neutrophil count (ANC) <100 [179]. The GM may be useful as a
surrogate marker of the response of the patient to treatment
of IA [180]. The performance of the GM assay when it is
used “ad hoc” as a diagnostic tool in immunocompromised
patients with a clinical suspicion of IA is not known [146].
Regarding the use of the BG assay for the diagnosis of IA,
it is unclear how it compares with GM. A case-control study
from the MD Anderson Cancer Center suggests the two
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assays may offer similar sensitivity for IA [128]. Depending
on the clinical setting, it may be advantageous to use only
GM or both tests.
Molecular techniques for the diagnosis of IA have been
studied for more than a decade [181] and are still considered
investigational. The sensitivity and speciﬁcity vary widely
[125, 182], and many questions remain regarding optimal
specimen type, DNA extraction method, primer speciﬁcity,
and PCR format. In some studies the PCR has performed
worse than the GM [125], whereas in others the combination
of both seems to be quite promising [183]. There is considerable interest in using molecular techniques in tissue samples
to discern the etiologic agent. Rickerts et al. compared histopathology with culture and PCR, using two seminested polymerase chain reaction assays identifying Aspergillus species
and Zygomycetes from 58 consecutive biopsies, and showed
that PCR was superior to culture to identify the pathogen
[184]. The etiologic diagnosis in the 27 patients with proven
IFI increased from 63 to 96. When both histopathology and
culture were negative (29 biopsies), the PCR was positive in
two cases only.

Fusariosis
Fusarium species are frequently detected by automated blood
culture detection systems or lysis centrifugation methods.
Fusarium species initially grow on solid media with hyphae
with phialides and microconidia. The typical plantain-shaped
macroconidia (phragmospores) appear in more mature cultures. Consequently, initial culture reports from the laboratory may describe an Acremonium species, while subsequent
reports are modiﬁed to Fusarium species. Thus, any culture
report from blood or tissue growing Acremonium species from
a neutropenic patient should be considered a possible early
form of Fusarium species. Current diagnostic approaches
depend upon bedside evaluation, diagnostic imaging, biopsy,
and culture, but PCR methods also are being developed for
detection of this lethal pathogen [185, 186]. Fusarium
produces ß-d-glucan, and the BG test may be positive in cases
of disseminated fusariosis.

Zygomycetes (Mucorales)
Examination by calcoﬂuor staining or by KOH-digested sputum and cultures of respiratory tract secretions are frequently
negative. If sputum examination and evaluation of BAL
specimens are nondiagnostic, then more invasive diagnostic
tests are warranted, including ﬁne-needle aspirate and thoracoscopic or open lung biopsy, depending on local expertise
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and pace of the illness. Any suspicious cutaneous lesions
should be biopsied. Organisms in tissue exhibit broad, 15- to
20-Pm, irregular, usually non-septate, coenocytic hyphae
with nondichotomous side branching.
These fungi are easily rendered nonviable if infected
tissue is ground or homogenized in preparation for plating
on culture media. The recovery rate may be enhanced if the
tissue specimen is sliced into small pieces without grinding
or homogenization. The Mucorales typically grow rapidly
within 24–48 h. Recent advances in molecular detection in
serum and BAL ﬂuid may lead to improved diagnosis of this
lethal infection [187].

Trichosporonosis
Cultures of blood, urine, and sputum may be persistently
positive even with concomitant administration of AmB.
Trichosporon asahii (previously Trichosporon beigelii)
grows as a rugose or powdery yeast; microscopically, one
can see blastoconidia, arthroconidia, hyphae, and occasionally pseudohyphae. Trichosporon species may germinate
under conditions used for detecting C. albicans. Biopsies of
cutaneous lesions generally reveal typical arthroconidia,
blastoconidia, pseudohyphae, true hyphae, and vascular
invasion. Trichosporon produces ß-d-glucan, and the BG test
may be positive in cases of fungemia. The serum latex agglutination test for cryptococcal antigen may be positive due to
shared antigens and resultant cross-reactivity between
Trichosporon species and C. neoformans.

Prevention of Fungal Infections During
Neutropenia
Established fungal infections have an extremely high mortality rate in persistently neutropenic patients and are difﬁcult
to diagnose early. This has resulted in the current practice of
administering antifungal agents to patients who are at risk,
even in the absence of proven infection. Ultimately, the goal
is to prevent morbidity and mortality caused by fungal infections. Different terms have been used to characterize the
administration of antifungal agents in the absence of documented fungal infections. The most commonly used are prophylaxis, empirical treatment, and preemptive treatment
[188–191]. The administration of an antifungal agent to all
patients undergoing conditioning chemotherapy is appropriately called prophylaxis, whereas the administration of an
antifungal agent to a persistently febrile neutropenic patient
is called empirical treatment. However, in both cases an antifungal agent is being given to many patients who do not need
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it in order to ensure that the patients who really need it do
receive treatment.
As an example of the ﬁrst case (prophylaxis), it has been
shown that 10–15% of patients undergoing HSCT will
develop invasive fungal infection when ﬂuconazole prophylaxis is not given, as opposed to 3–5% of patients who do
receive ﬂuconazole [192, 193]. The use of an agent with very
little toxicity, such as ﬂuconazole, is easily justiﬁable in this
setting, even if 85–90% of the patients would not have
beneﬁted from it. In the second case (empirical treatment),
persistent fever during neutropenia acts as a marker for risk,
identifying a group of patients in whom the frequency of
fungal infection is much higher. A fungal infection is documented in only approximately 3–5% of these patients (but up
to 10% in “high-risk” subgroups); however, the administration of a potentially toxic antifungal agent seems justiﬁed
because of the extremely high mortality rate from these
infections. Although many patients probably do not beneﬁt
from it, the use of empirical antifungal therapy has become
accepted clinical practice [194].
The term “preemptive therapy” has been used to describe
the administration of antifungal agents in persistently febrile
neutropenic patients who have some other clinical evidence
of fungal infection [195]. This represents an attempt to minimize exposure to a toxic antifungal therapy, and it lies somewhere between empirical treatment and treatment of
documented infection. The important concept is that diverse
approaches may be used to decrease the morbidity and mortality associated with fungal infections during neutropenia.

Prevention of Exposure: Environmental
Control
Prevention of exposure is not possible for Candida infections
but is feasible, at least partially, for Aspergillus. A review of
nosocomial aspergillosis found that the most common sources
of clusters and outbreaks were hospital construction and renovation and defective and contaminated ventilation systems [55].
Exposure of patients to Aspergillus conidia can be signiﬁcantly decreased by the use of high-efﬁciency particulate air
ﬁltration (HEPA) ﬁlters and positive pressure rooms [196].
During an outbreak, IA developed in 50% of patients treated
during a 4-month period of extensive renovation of the hematology ward and decreased to 0% after the installation of
HEPA ﬁlters [197].
The risk of IA in HSCT recipients who were not in HEPAﬁltered rooms was 5.6 times higher in a classic study from
the Fred Hutchinson Medical Center [198]. Data from the
International Bone Marrow Transplant Registry have conﬁrmed that use of HEPA and/or laminar air ﬂow (LAF) to
prevent infections decreases transplant-related mortality
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rates and increases survival rates after allogeneic HSCT for
leukemia [199].
Use of HEPA ﬁlters has become more common, but still
some patients develop pulmonary aspergillosis and other
mould infections while in the hospital. There is growing evidence that contamination of the water distribution system
with Aspergillus [200] and other moulds, such as Fusarium
[201], plays a role in the epidemiology of hospital-acquired
fungal infection. There have been fatal infections with
Aspergillus terreus from the soil of hospital plants [202].
This may be a rare event, but exposure to wet soil should be
avoided during profound neutropenia.

Primary Prophylaxis of Invasive Fungal
Infections
Patients with prolonged neutropenia secondary to chemotherapy have been shown to beneﬁt from systemic antifungal
prophylaxis with ﬂuconazole, itraconazole, posaconazole,
voriconazole, and micafungin. Topical treatment with nystatin, oral AmB, or clotrimazole troches decreases fungal colonization, but has not been shown to decrease the incidence of
invasive disease.

Prophylaxis with Fluconazole
Candida is a common inhabitant of the human gastrointestinal tract. The majority of invasive Candida infections during
neutropenia originate after mucosal colonization evolves
into superﬁcial infection. However, prevention of oropharyngeal candidiasis does not necessarily lead to prevention of
deeply invasive candidiasis [203], and superﬁcial candidiasis
is not an appropriate end point in clinical trials.
Many studies of prophylaxis have found a relatively low
incidence of IFI, and consequently they have been underpowered [204–207]. However, the studies of systemic agents for
prophylaxis in populations at substantial risk, especially allogeneic HSCT recipients, have clearly shown a beneﬁcial effect
[192, 193]. In the study by Goodman et al., ﬂuconazole 400 mg
daily or placebo was initiated on day 1 of marrow-ablative
chemotherapy to 356 HSCT recipients. Invasive candidiasis
developed in 28 of 178 patients (15.7%) who received placebo
and 5 of 179 (2.8%) who received ﬂuconazole (p < 0.001).
This 13% reduction in absolute risk means only eight patients
need to be treated to prevent one infection. There was a signiﬁcant reduction in fungal infection–attributable mortality rates,
but no difference in overall mortality rates. Fluconazole was
associated with minimal adverse effects.
Another randomized, placebo-controlled trial of ﬂuconazole in HSCT recipients showed a signiﬁcant reduction in

the number of fungal infections, 10 of 152 (7%) in ﬂuconazoletreated patients compared with 26 of 148 (18%) in placebotreated patients (p = 0.004) and improved survival rates
(31 deaths compared with 52 deaths in placebo recipients
(p = 0.004)) [192]. Long-term follow-up of these patients has
conﬁrmed the beneﬁt in survival rates [208]. In a multicenter
study that included patients receiving intensive chemotherapy for acute leukemia or autologous HSCT, ﬂuconazole
prophylaxis, when compared with placebo, decreased superﬁcial fungal infections, deﬁnite and probable invasive fungal
infections (9 of 141 vs 32 of 133), and decreased deaths
attributable to fungal infection (1 of 15 vs 6 of 15), respectively [209].
Rex et al. reported a retrospective analysis of the effect of
systemic antifungal prophylaxis in 833 episodes of neutropenia in 322 patients treated for AML at the MD Anderson
Medical Center between 1988 and 1992 [41]. Although retrospective, this comparison between episodes of neutropenia
in which prophylaxis, typically ﬂuconazole 400 mg daily or
amphotericin B 40 mg daily, was given and episodes in which
prophylaxis was not given, has the advantages of size and
power that many prospective randomized trials lack. The
results show statistically signiﬁcant reductions in invasive
fungal infection (5% vs 13%), empirical AmB use (26% vs
34%), and death within 30 days of the ﬁrst neutropenic
episode (23% vs 35%). As expected, the difference in invasive
fungal infections was accounted for by a reduction in yeast
infections (2% vs 8%), with no difference in the frequency of
mould infections.
In summary, the beneﬁcial effect of prophylaxis with
systemic antifungal agents is demonstrable in high-risk patients,
particularly allogeneic HSCT recipients and patients with
AML, but difﬁcult to demonstrate in lower-risk neutropenic
patients. When the risk is low, most studies are underpowered.
Not surprisingly, a meta-analysis shows that the use of azole or
systemic AmB prophylaxis in oncology patients with severe
neutropenia is associated with signiﬁcant beneﬁt regarding
four main end points: decreased need for therapeutic doses of
parenteral antifungal agents, decreased superﬁcial fungal
infection, decreased invasive fungal infection, and decreased
fungal-related mortality [210]. The number of patients that
require treatment to prevent one event for each one of these
four end points are 10, 12, 22, and 52, respectively. Similar to
a previous meta-analysis [211], there was no difference in
overall mortality, and there was no effect on aspergillosis.

Prophylaxis with Itraconazole
Fluconazole has no activity against moulds. Therefore it is
not expected to decrease the incidence of aspergillosis.
Conversely, itraconazole has good activity against Aspergillus
and many dematiaceous molds and maintains activity against
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yeasts. Several studies have compared itraconazole oral solution in a formulation with hydroxyprolyl-ß-cyclodextrin with
placebo [212], itraconazole with oral AmB [213], and itraconazole with ﬂuconazole, either in capsules [214] or as an
oral solution [215]. Studies using the intravenous formulation of itraconazole, which is currently unavailable in most
countries, as prophylaxis in allogeneic HSCT have been
reported [20, 22].
Itraconazole oral solution (2.5 mg/kg twice daily) reduced
the frequency of proven and suspected fungal infections
compared to placebo in a randomized, double-blind, multicenter study of 405 patients with hematologic malignancies
[212]. There was no difference in mortality rates. Itraconazole
oral solution (2.5 mg/kg twice daily) was not statistically
signiﬁcantly better than oral AmB in another double-blind,
double-placebo, randomized, multicenter trial that enrolled
557 patients [213], although trends favoring itraconazole
were seen for proven IFI (3.6% vs 9.4%) and proven IA
(1.8% vs 3.3%). Of note, the median plasma concentration of
itraconazole during the ﬁrst week was <0.5 Pg/mL. Lower
itraconazole levels have been associated with the occurrence
of invasive fungal infections [216, 217]. Low levels of itraconazole may also have played some role in another study
that compared itraconazole capsules (100 mg twice daily)
with ﬂuconazole capsules (50 mg twice daily) in 213 adult
patients with hematologic malignancies [214] and found no
difference in any of the measured clinical end points. The
comparison of itraconazole oral solution (5 mg/kg daily)
with ﬂuconazole oral solution (100 mg daily) showed fewer
proven systemic fungal infections (1 in 288 neutropenic episodes vs 4 in 293 neutropenic episodes) in the itraconazoletreated group. No cases of IA were documented in the
itraconazole group versus 4 in the ﬂuconazole group. There
were also fewer deaths caused by fungal infection in the itraconazole group [215]. However, the oral solution of itraconazole caused signiﬁcantly more toxicity than ﬂuconazole,
particularly nausea, vomiting, and diarrhea – most likely due
to the cyclodextrin vehicle. The increased toxicity and poor
tolerability of itraconazole also were factors in the studies
comparing the IV formulation to ﬂuconazole [20, 22].

Prophylaxis with Posaconazole
In a randomized controlled trial, posaconazole showed
higher efﬁcacy, including a survival advantage, than ﬂuconazole or itraconazole as prophylaxis during neutropenia [23]
(Table 3 summarizes the results). This multicenter study
included more than 600 patients. The estimated number of
patients needed to treat to prevent one death was only 15,
making posaconazole the antifungal prophylaxis of choice
when IA is a consideration, such as during prolonged neutropenia and when adequate absorption of the drug, currently
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available only as an oral formulation, is anticipated. It is
questionable if the results of this study are speciﬁc for posaconazole or whether they serve as proof of principle that a
well-tolerated azole with activity against Aspergillus will
result in better outcomes than ﬂuconazole during prolonged
neutropenia [218].

Prophylaxis with Voriconazole
One randomized controlled trial compared voriconazole to
ﬂuconazole as antifungal prophylaxis in HSCT recipients
[219]. Antifungal prophylaxis was administered for 100 days
(not just during neutropenia) in the context of close monitoring with structured use of empirical antifungal therapy for
suspected invasive fungal infection. The primary end point
was fungal-free survival at 6 months. There was no overall
difference between the two groups, but there was a trend
toward fewer cases of aspergillosis in the voriconazole arm.
In a second, very small, randomized controlled trial 25
patients with AML undergoing induction of remission were
randomized to voriconazole (n = 10) or placebo (n = 15)
[220]. The study was stopped early because the use of placebo was considered unacceptable after the results of the
posaconazole trial mentioned above were made public. There
was a trend toward fewer pulmonary inﬁltrates (0 vs 5) and
less hepatosplenic candidiasis (0 vs. 4) in the voriconazole
arm compared with the placebo arm. Despite the lack of evidence from controlled trials, voriconazole is used frequently
in clinical practice as prophylaxis for high-risk patients. Of
particular concern with the use of voriconazole prophylaxis
is the frequency of reports of breakthrough IFI with zygomycetes [221–224].

Prophylaxis with Echinocandins
Given that echinocandins have excellent activity against
Candida and signiﬁcant activity against Aspergillus, they constitute a very reasonable option for prophylaxis. In a randomized, controlled multicenter trial comparing micafungin with
ﬂuconazole, 882 patients who were to undergo HSCT were
randomized to receive micafungin, 50 mg daily, or ﬂuconazole,
400 mg daily. Both drugs prevented invasive candidiasis.
However, micafungin had a greater impact on the prevention of
IA during neutropenia (1 case vs 7, p = 0.07) [21].

Prophylaxis with Amphotericin B
AmB has been used as prophylaxis orally to prevent superﬁcial
fungal infection; inhaled and intravenous amphotericin B
deoxycholate (AmB-d) and lipid formulations of AmB have
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been used [213, 225–227]. A study of oral ﬂuconazole versus
high-dose oral AmB-d (2 g in four divided doses) in a large
population of neutropenic patients described equivalent
effects of both regimens in preventing invasive candidiasis
[227]. Fluconazole, however, was better tolerated. In our
opinion, the lack of patient compliance with oral AmB-d and
the toxicity of prophylactic AmB-d preclude the use of this
agent as a viable prophylactic compound.
Aerosolized AmB-d was not effective in the prevention of
IA in a large prospective, randomized, multicenter trial [228].
In contrast, aerosolized liposomal amphotericin B (L-AmB)
was superior to placebo in neutropenic patients (all subject
were also receiving ﬂuconazole prophylaxis) to prevent pulmonary aspergillosis [229]. This study should be considered
more a proof of principle than a currently available approach.
Systemic, low-dose AmB-d has been used [230], but it
has never shown more efﬁcacy than ﬂuconazole, and it has
proven signiﬁcantly more toxic. The use of lipid formulations of AmB has also been attempted. In a randomized,
double-blind placebo-controlled study of L-AmB, 2 mg/kg
three times weekly, the drug was well tolerated, but there
was no signiﬁcant reduction in proven or suspected IFI, in
part due to the low-risk population that was studied [231].
There were no proven IFIs in patients on L-AmB and only
three in the group that received placebo (3.4%). In an interim
analysis of a prospective study, Uhlenbrock et al. found that
antifungal prophylaxis with L-AmB, 1 mg/kg three times
weekly, was no more effective than no prophylaxis [232].

Secondary Prophylaxis of Invasive Fungal
Infections
A patient may be successfully treated for an IFI and still
require further myelosuppressive chemotherapy or HSCT.
The ultimate objective is to successfully treat the patient’s
neoplastic disease while preventing breakthrough fungal
infection. In the case of aspergillosis, Karp et al. demonstrated that aggressive antifungal therapy during neutropenia
induced by subsequent courses of chemotherapy prevented
exacerbation or recurrence of IA in patients with acute leukemia [233]. Similar strategies have been used in HSCT
[234–236]. Most patients have been treated with prophylactic antifungal agents – itraconazole [235], AmB, or voriconazole [237]. Surgical resection of remaining foci of disease
prior to myeloablation has been used, but it is not always
adequate [236, 238]. The largest published systematic study
is a retrospective case series of 48 patients, 20 of whom had
undergone surgical resection, for proven or probable IA prior
to HSCT [239]. Sixteen patients (33%) had a relapse a
median of 15 days after the transplant (range 0–120 days).
Ten patients were receiving systemic antifungal therapy

(8 AmB and 4 itraconazole) at the time of relapse. Better results
have been noted with voriconazole [237].
The use of secondary antifungal prophylaxis is mandatory in the setting of IA for patients ongoing chemotherapy.
We recommend voriconazole, based on the results of the
prophylactic and therapeutic trials of this agent [12, 34],
small series, and case reports [237, 240]. Surgical resection
of an isolated pulmonary lesion may be highly beneﬁcial,
but is not mandatory.

Recommendations for Prophylaxis
Systemic antifungal prophylaxis is effective and should be
used in groups at high risk. In the case of neutropenia, this
applies to patients with acute leukemia, particularly AML,
and HSCT recipients. We recommend the use of prophylaxis
during induction or reinduction chemotherapy for AML or
myelodysplastic syndrome and in HSCT, particularly when
using a myeloablative regimen.
Fluconazole is the treatment of choice as long as the risk
of IA is low, as in patients who have an anticipated short
duration of neutropenia. Fluconazole has shown signiﬁcant
effectiveness in high-risk groups and is very well tolerated
[192, 193]. The role of itraconazole in prophylaxis in neutropenic patients is unclear, given the problems with absorption,
tolerability of the liquid form, and drug interactions. If the
activity against Aspergillus is considered necessary, there is
strong clinical evidence favoring posaconazole [23].
The efﬁcacy of voriconazole against IA [34], its comparison with L-AmB in high-risk patients with persistent
febrile neutropenia [18], and the availability of an intravenous form make it a very attractive option. However, voriconazole has only been properly studied as a prophylactic
agent in allogeneic HSCT [219].
The echinocandins offer great promise as prophylactic
compounds. They have excellent activity against ﬂuconazole-susceptible and -resistant Candida species [241] and
activity against Aspergillus [242] and Pneumocystis [243].
Micafungin can be used to prevent invasive candidiasis and
possibly aspergillosis during the neutropenic phase of
HSCT [21]. The role of these agents in antifungal prophylaxis in patients with leukemia remains undeﬁned at this
point.
Finally, no prophylaxis can be universally effective. In
the same way that the use of ﬂuconazole prophylaxis has
resulted in increasing incidence of C. glabrata and C. krusei
infection, it is inevitable that more resistant pathogens will
break through the newer, broader-spectrum agents. The
development of mould infections during prophylaxis with
echinocandins, voriconazole, or posaconazole should suggest the possibility of zygomycosis [221], fusariosis [244],
or scedosporiosis [245].
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Empirical Antifungal Therapy
The use of empirical antifungal therapy in the presence of
persistent or recurrent fever during neutropenia is the last step
in an attempt to prevent morbidity and mortality secondary to
fungal infection before a deﬁnitive diagnosis is established.
It is understood that the majority of neutropenic patients with
persistent fever do not have an occult fungal infection, but the
proportion who do steadily increases with the duration of
neutropenia [39]. At some point the risk of not administering
effective antifungal therapy outweighs the risk associated
with the toxicity of the drugs. Empirical treatment should
then be started. The availability of newer, less toxic agents
should alter this balance and allow earlier intervention.
The evidence supporting the empirical addition of antifungal
agents in persistently febrile neutropenic patients is less than
optimal but reﬂects the state of the art of antifungal therapy at
the time. Two randomized studies compared antifungal therapy against no therapy in the setting of persistent fever during
neutropenia [246, 247]. Both studies were completed when
CT of the chest was used less frequently and before the wide
use of ﬂuconazole prophylaxis and hematopoietic growth
factor support. Both studies are limited by a small sample
size. In the study by Pizzo et al. 50 patients with persistent
fever and neutropenia after 7 days of broad-spectrum antibiotics (cefazolin, carbenicillin, and gentamicin, the standard
regimen at the time) were randomized to one of three treatments: discontinuing antibiotics and reevaluating, continuing
the same regimen, or adding AmB-d, 0.5 mg/kg daily, until
resolution of fever and neutropenia. Several results of this
study deserve emphasis. Deep-seated fungal infections or
esophageal candidiasis was documented in 1 of the 18 patients
who received AmB-d and 7 of the 32 who did not. Two deaths
caused by fungal infection occurred in the patients who did
not receive AmB-d and one in the treated group. These differences were not statistically signiﬁcant, but suggested a trend
and led to a randomized trial by the EORTC.
The EORTC study randomized 132 patients to receive
0.6 mg/kg of AmB-d or continue just antibiotics after 3 days
of neutropenic fever [247]. Six fungal infections were documented in the group receiving antibiotics alone and only one
in the group that received AmB-d. The fungal-related deaths
were 4 versus 0, respectively, in no therapy versus AmB-d
arms (p = 0.05). The greatest beneﬁts accrued to those who had
not received antifungal prophylaxis (p = 0.04), those who
were severely neutropenic (p = 0.06), those with a clinically
documented infection (p = 0.03), and those >15 years old
(p = 0.06). The EORTC authors concluded that early AmB-d
in granulocytopenic patients with continued fever despite
broad-spectrum antibiotics may be beneﬁcial. Moreover, the
authors further emphasized that this approach would be most
beneﬁcial for selected subgroups of persistently febrile
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neutropenic patients. This observation was prescient of
subsequent studies that also have demonstrated the beneﬁts in
this approach in the highest-risk patients with prolonged
neutropenia.
It is reasonable to question if these two studies constitute
adequate proof that all neutropenic patients with persistent
fever should receive antifungal therapy [248]. In fact, the idea
of acknowledging the differences between different groups of
patients is not new [16, 17]. We strongly believe that highrisk patients with prolonged neutropenia derive the greatest
beneﬁt from empirical antifungal therapy. The speciﬁc circumstances of each individual patient should be considered
before starting antifungal therapy. The current Guidelines from
the Infectious Disease Society of America [194] suggest
5–7 days of persistent fever as the time to start AmB.
The decision may be considerably simpliﬁed thanks to the
use of newer agents with a much more favorable beneﬁttoxicity proﬁle. Empirical antifungal therapy has been controversial because of the risk of AmB-related toxicity. In a
retrospective analysis of 239 patients, Wingard et al. found
that the creatinine level doubled in 53%, and 14.5% of the
patients required dialysis [249]. If the newer drugs have
much less toxicity with similar efﬁcacy, the decision to use
empirical therapy will be easier. Conversely, if a group of
patients with signiﬁcantly higher risk of developing a fungal
infection can be identiﬁed, even potentially toxic interventions may be justiﬁed.
During the last decade several large studies have compared the use of AmB with alternative antifungal agents.
These trials have included more than 3,500 patients, and
have demonstrated that several antifungal agents can be used
successfully during neutropenic fever. The clinician can
choose depending on risk factors and toxicity. A summary of
the three studies that have established the current state of the
art is shown in Table 2.

Fluconazole Versus Amphotericin B: Only
if the Risk of Mold Infection Is Negligible
Two multicenter randomized trials have compared ﬂuconazole
with AmB as empirical treatment of neutropenic fever. This
approach does not make sense if the incidence of IA is high.
The ﬁrst study compared ﬂuconazole, 6 mg/kg daily, with
AmB-d, 0.8 mg/kg, and was stopped early after an interim
analysis showed excess toxicity in the AmB-d group [250].
Importantly, patients with abnormal x-rays, a history of aspergillosis, or colonization with Aspergillus were not eligible, and
patients could have received nonabsorbable antifungal prophylaxis before enrollment. There were no documented fungal
infections in this trial, which makes it difﬁcult to draw any conclusions, other than AmB-d is more toxic than ﬂuconazole.
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In the other open-label trial, neutropenic patients with persistent
fever after 4 days of antibiotics were randomized to receive
either ﬂuconazole, 400 mg daily (n = 158), or AmB-d, 0.5 mg/kg
daily (n = 159) [11]. Patients were not eligible if they had been
receiving systemic antifungal agents or if they were colonized
with Aspergillus. This study used a composite end point that
deﬁned success if the patient was afebrile, had no clinical or
microbiologic evidence of fungal infection, and did not require
study termination due to lack of efﬁcacy, drug toxicity, or death.
Both regimens were similar in terms of the proportion of “satisfactory responses” – 68% versus 69%. The failures in the ﬂuconazole group were typically related to persistent fever. In the
AmB-d group, most failures were due to toxicity. Overall, 4% of
the patients in each group developed new fungal infections during therapy, there were no differences in mortality, and toxicity
was less in the ﬂuconazole arm. The authors concluded that ﬂuconazole may be appropriate empirical therapy in persistently
febrile neutropenic patients at low risk for IA.

Lipid Formulations of Amphotericin B: At Least
as Effective and Less Toxic
A double-blind, randomized controlled trial of amphotericin
B colloidal dispersion (ABCD), 4 mg/kg daily, compared to
AmB-d, 0.8 mg/kg daily, enrolled 213 patients with febrile
neutropenia t 3 days [251]. More than half the patients in the
study were receiving cyclosporine or tacrolimus after an
allogeneic HSCT. A successful treatment outcome included
all of the following criteria: survival for 7 days after the last
dose of the study drug, lack of suspected or documented IFI
during the study and within 7 days of the last dose of the
study drug, lack of study drug discontinuation because of
adverse events, and lack of fever on the day of discontinuation of therapy. There were no differences in the therapeutic
responses between both groups: 50% of the 98 ABCD recipients
and 43.2% of the AmB-d recipients responded. The causes
for discontinuation of the study drug were similar in both
study arms. Although ABCD produced signiﬁcantly less renal
toxicity, it was associated with more frequent infusion-related
toxicities, particularly hypoxemia. This study lacked the power
to ﬁnd a difference in frequency of breakthrough IFI.
The Mycoses Study Group compared L-AmB, 3 mg/kg
daily, to AmB-d, 0.6 mg/kg daily, in a double-blind randomized trial that enrolled 689 patients [18]. This was a noninferiority study, where success was deﬁned as a composite of ﬁve
criteria: survival for 7 days after initiation of the study drug;
resolution of fever during the period of neutropenia; successful treatment of any baseline fungal infection; absence of
breakthrough fungal infections during administration of the
study drug or within 7 days after the completion of treatment;
and absence of premature discontinuation of the study drug

because of toxicity or lack of efﬁcacy. The study showed
similar outcomes in both groups, 50% versus 49%, although
there were signiﬁcantly fewer proven IFI in patients receiving
L-AmB – 11 (3.2%) versus 27 (7.8%), p = 0.009. This difference was independent of risk category, age, and antifungal
prophylaxis. There was a trend for improved overall survival
rates in the L-AmB group, and infusion-related toxicity and
nephrotoxicity were signiﬁcantly less with L-AmB. This study
unequivocally established L-AmB as an alternative to AmB-d
in the empirical management of fever and neutropenia. Prentice
et al. compared two different dosages of L-AmB, 1 mg/kg
daily and 3 mg/kg daily, with AmB-d, 1 mg/kg daily, in 204
children and 134 adults with neutropenic fever. The primary
end point was safety, and efﬁcacy was only a secondary end
point. Response was deﬁned as a composite of defervescence
for 3 consecutive days and until the end of the study, when
recovery of neutropenia occurred, with no addition of another
antifungal agent and no breakthrough fungal infection. Toxicity
was clearly more frequent in the AmB-d group; a total of 24%
of the patients doubled their serum creatinine, compared with
10% and 12% receiving the two dosages of L-AmB.
A multicenter, randomized double-blind study compared
the safety of L-AmB, 3 mg/kg daily or 5 mg/kg daily, with
ABLC, 5 mg/kg daily, in 244 patients [252]. The study drugs
were initiated after t 3 days of persistent neutropenic fever.
The results of the study showed that L-AmB was signiﬁcantly less toxic than ABLC, both in nephrotoxicity and in
infusion-related reactions. The efﬁcacy analysis showed no
signiﬁcant differences among the three study arms (33–42%
efﬁcacy). The reasons for failure were similar for both drugs;
eight patients developed breakthrough fungal infections.

Itraconazole Versus Amphotericin B Deoxycholate:
Of Historical Interest Only
An open-label, multicenter, randomized study powered to
show equivalence enrolled 394 adult neutropenic patients with
fever that persisted t 3 days while receiving broad-spectrum
antibiotics [10]. HSCT recipients were excluded. Other
exclusion criteria included strong suspicion of fungal infections during previous episodes of neutropenia and current
treatment with drugs known to interact with itraconazole.
Itraconazole was administered intravenously at a dosage of
200 mg twice daily for the ﬁrst 2 days, followed by 200 mg
daily on days 3–14. Oral itraconazole solution could be substituted after day 7. AmB-d was given at a dose of 0.7–
1.0 mg/kg daily. Most patients had received previous
antifungal prophylaxis. The primary analysis used criteria
similar to those of earlier studies. A favorable response
(defervescence and recovery from neutropenia) was documented in 47% of the patients in the itraconazole group and
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38% of the patients in the AmB-d group. In the AmB-d
group, 38 patients failed because of intolerance to the drug;
in the itraconazole group, 20 patients failed because fever
persisted after the resolution of neutropenia and 19 because
the fever required a change in the antifungal regimen.

Voriconazole Versus Liposomal Amphotericin B:
Another Option
In this noninferiority trial, summarized in Table 2, 849 patients
in 73 participating centers were randomized to receive either
L-AmB or voriconazole after 96 h of fever and neutropenia
[12]. Voriconazole was given at a dose of 6 mg/kg twice daily
for 2 days, followed by 4 mg/kg twice daily; L-AmB was
given at a dosage of 3 mg/kg daily. Patients were stratiﬁed
according to risk, with allogeneic HSCT and chemotherapy
for relapsed leukemia considered high risk. The end point of
the study was success or failure deﬁned according to the composite end point that had been validated in previous trials [10,
11, 18, 253]. The overall success rate was only 26% for voriconazole and 30.6% for those receiving L-AmB, much lower
than in previous studies. This low success rate can be explained
by the requirement of resolution of fever for 48 h prior to
recovery from neutropenia as part of the composite end point.
As the median time to recovery from neutropenia was only
5.4–5.5 days, there was very little time available to become
and remain afebrile for 48 h. If defervescence is excluded
from the composite end point, the success rate more than
doubles to 82% in the voriconazole group and 86% in the
L-AmB group. Although voriconazole narrowly failed to fulﬁll the criteria for noninferiority (the conﬁdence interval for
the difference was –10.6% to 1.6%, and the predeﬁned lower
limit for equivalence was 10%), there was a striking and signiﬁcant difference favoring voriconazole in breakthrough
fungal infections (8 vs 21, p = 0.02). This difference was even
more marked in the high-risk category: 2 of 143 (1.4%) versus
13 of 141 (9.2%). As in other open-label studies, many more
patients discontinued voriconazole (22) than L-AmB (5) for
persistent fever, which was never due to breakthrough fungal
infections. There was no difference in the proportion of
patients discontinuing the study drug because of adverse
effects. This study showed that voriconazole is comparable to
L-AmB in overall therapeutic success, and it is superior in
reducing documented breakthrough fungal infections, particularly in high-risk neutropenic patients.

Caspofungin Versus Liposomal Amphotericin B:
Yet Another Option
Using a noninferiority design and composite end point similar
to the prior studies, Walsh et al. compared caspofungin with
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L-AmB in a multicenter, randomized double-blind clinical
trial in 1,095 patients [13]. The results of the study, summarized in Table 2, determined caspofungin was as effective as
L-AmB in all groups – high-risk, low-risk, on antifungal prophylaxis or not – and for each one of the individual components of the composite end point. The overall success rate
was 33.9% for the caspofungin group and 33.7% for the
L-AmB group. Caspofungin treated successfully the IFIs
diagnosed at baseline 51.9% of the time, which compared
favorably with the 25.9% achieved by L-AmB. Drug-related
adverse events were less common with caspofungin, and
overall survival was also statistically signiﬁcantly better with
caspofungin. This study clearly established that a much less
toxic agent was noninferior to the standard of care for empirical therapy.

Recommendations for Empirical Therapy
Several antifungal agents have been shown in well-designed
clinical trials to be adequate for the management of persistently febrile neutropenic patients. Fluconazole should generally not be used, except in lower-risk patients [254]. Lipid
formulations of AmB, voriconazole, and caspofungin have
emerged as viable alternatives to the standard AmB-d, with
similar efﬁcacy and much less toxicity. Each of these agents
may be preferable under different circumstances. Lipid
formulations of AmB are at least as effective as AmB-d
[18, 252, 253]. It is possible that the initial high acquisition
cost of L-AmB and other lipid formulations could be offset by
the savings associated with the prevention of renal toxicity [255].
Caspofungin seems to be the safest alternative, is at least as
effective as L-AmB, and has less potential for drug interactions
than voriconazole. Its main downside is acquisition cost.
Voriconazole, despite failing the noninferiority requirement in the randomized trial that compared it with L-AmB,
was signiﬁcantly better at preventing breakthrough fungal
infections, particularly in the high-risk group. It is less nephrotoxic than L-AmB, and the transient visual disturbances
and hallucinations associated with it are usually manageable,
but it has higher potential for drug interactions than caspofungin [256].

Preemptive Antifungal Therapy
The term preemptive antifungal therapy describes the administration of antifungal agents in persistently febrile neutropenic patients with some other clinical evidence of fungal
infection [195]. The underlying rationale for this idea is that
most neutropenic patients with persistent fever do not, in fact,
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have an IFI. Administering an antifungal may be life-saving
for the relatively small fraction who are infected, but may
result in unnecessary toxicity in a sizeable group. It would be
desirable to narrow the group of patients who receive
unneeded antifungal drugs, as long as no one with an early
occult IFI goes untreated [188–190]. The new serologic and
molecular tests for diagnosing IFI, together with the increased
availability of CT imaging, have resulted in exploratory studies
[257] and randomized controlled trials [258, 259] that test
this approach.
It is appropriate to question if this idea still has merit in
face of the antifungal agents currently available. In the trial
of empirical therapy comparing L-AmB with AmB-d, 18.7%
and 33% of the patients developed creatinine increases t 2×
the baseline, respectively [18]. However, in the voriconazole
versus L-AmB trial, these proportions were 7% and 7.6%
[12] and in the caspofungin versus L-AmB trial, 2.6% and
11.6% [13]. Preemptive therapy may be perfectly reasonable
when one-third of the patients exposed to empirical therapy
may develop signiﬁcant nephrotoxicity [18], but not so reasonable if the risk is less than 3% [13].
In a “proof of principle” trial, Maertens and colleagues
used daily monitoring with GM in 88 high-risk patients undergoing chemotherapy for AML, myelodysplastic syndrome, or
myeloablative HSCT [257]. If the patients developed persistent fever, recrudescent fever, signs and symptoms of IFI, or
two consecutive GM tests t 0.5, high-resolution CT and bronchoscopy with BAL were performed. Antifungal treatment
with L-AmB, 5 mg/kg daily, was triggered only when GM was
positive or when suggestive CT ﬁndings were supported by a
culture or microscopic evaluation positive for a mold. The
investigators diagnosed 19 cases of IA (7 proven, 12 probable)
[14]. Except for one case of mucormycosis, no cases of IFI
went undiagnosed. The survival rate for patients with IA was
63.1% at 6 months. This study showed that it is possible to
limit the number of patients receiving empirical antifungal
treatment without missing IFIs, but did not address whether
this approach was better than traditional empirical treatment.
More recently a multicenter, open-label, randomized noninferiority trial compared empirical treatment with preemptive antifungal therapy in 293 patients with prolonged
neutropenia [259]. The antifungal of choice was AmB-d,
1 mg/kg daily, or L-AmB, 3 mg/kg daily, for patients with
renal dysfunction. AmB was started in the preemptive arm in
patients who had repeatedly positive GM assays and any of
several signs or symptoms, including pneumonia, sinusitis,
suggestive skin lesions, or unexplained CNS symptoms.
Patients in the empirical treatment arm received AmB if they
had persistent fever for more than 4 days or recurrent fever.
The survival rate was 97.3% with empirical treatment and
95.1% with preemptive treatment. Despite the fact that this
difference was within the prespeciﬁed noninferiority margin,
the authors expressed some concerns. The frequency of IFIs

was higher in the preemptive arm than in the empirical
treatment arm (9.1% vs 2.7%), and in an exploratory analysis
of the high-risk subgroup, in which most cases of aspergillosis occurred, inferiority could not be ruled out.
A slightly different approach was adopted by Hebart and
colleagues, who randomized 403 allogeneic HSCT recipients
to empirical treatment with L-AmB, 3 mg/kg daily, in case of
persistent fever for t 120 h or to a PCR-based treatment, in
which L-AmB was initiated because of a positive PCR for
Candida or Aspergillus OR persistent fever [258, 260]. The
preemptive part of this approach is that L-AmB was supposed
to decrease to 1 mg/kg daily after 3 days of treatment unless
the condition of the patient deteriorated. The study resulted in
more patients being treated in the PCR-based treatment arm
(112 of 196 vs 76 of 207), but a slightly lower total dosage of
L-AmB per patient. There was no difference in the number of
IFIs, overall mortality, or mortality caused by fungal infection
between the treatment arms.

Recommendations for Preemptive Therapy
We believe empirical treatment of persistent fever during
neutropenia is a very safe approach with the currently available drugs. Preemptive treatment was an attractive idea when
the only empirical option was AmB-d, which carried signiﬁcant toxicity. Currently, the toxicity associated with caspofungin, voriconazole, and L-AmB is very low. It is concerning
that efforts to limit administration of antifungal therapy may
result in delayed or missed diagnoses of IFIs, and we consider the preemptive approach experimental at this time.
This in no way negates the importance of exhaustively
looking for IFIs in neutropenic patients with persistent fever.
On the contrary, determining the presence and nature of IFI
has serious implications for the management of the patient.
Aspergillosis, breakthrough candidemia and less common
mold infections, such as mucormycosis and fusariosis,
require different treatment. As an example, caspofungin is an
effective drug for empirical management of persistent fever,
but it is not the treatment of choice for any mould infection.
Consequently, trying to establish the presence of an IFI is of
paramount importance. We try to obtain a CT of the chest
and sinuses in neutropenic patients with persistent fever,
and pursue pulmonary abnormalities with bronchoscopy and
BAL with the goal of obtaining cultures for bacterial, fungal,
nocardial, and mycobacterial pathogens. We perform
speciﬁc stains, including direct ﬂuorescence assay for
Pneumocystis, and also perform cytologic examination with
silver and Fite stains. We measure GM in the BAL and early on
consider obtaining tissue for speciﬁc diagnosis. With several
options available, empirical management can be tailored to
the speciﬁc situation of the patient.

L-AmB 3–5 mg/kg/day, or ABLC 5 mg/kg/day, or
caspofungin (loading dose of 70 mg, then 50 mg
daily), or posaconazole 200 mg QID initially,
then 400 mg BID PO after stabilization of
disease [263]

Voriconazole 6 mg/kg IV every 12 h for 1 day,
followed by 4 mg/kg IV every 12 h

L-AmB 5 mg/kg/day, or ABLC 5 mg/kg/day
[264]

Voriconazole 6 mg/kg IV every 12 h for 1 day,
followed by 4 mg/kg IV every 12 h

Voriconazole 6 mg/kg IV every 12 h for 1 day,
followed by 4 mg/kg IV every 12 h [274,
275]

Aspergillosis [262]

Zygomycosis [95]

Fusariosis [33, 37, 270]

Trichosporonosis [270]

Consider combination antifungal treatment adding caspofungin [273];
consider granulocyte transfusions

No in vivo comparison between ﬂuconazole and voriconazole has been
carried out; voriconazole may have better activity in vitro. Amphotericin
failures are common
Fluconazole 800 mg IV (12 mg/kg) loading dose,
then 400 mg (6 mg/kg) IV daily [276] or
L-AmB 3–5 mg/kg/day or ABLC (5 mg/kg/day)

Many infections with zygomycetes require surgery.
Primary combination therapy is not routinely recommended based on lack of
clinical data; addition of caspofungin may be considered in individual
patients based on theoretical considerations and anecdotal evidence.
Posaconazole is only available by mouth and takes several days to achieve
adequate tissue levels; it should not be used as single agent in the
critically ill neutropenic patient

Primary combination therapy is not routinely recommended based on lack of
clinical data; addition of another agent or switch to another drug class for
salvage therapy may be considered in individual patients.
Posaconazole is only available by mouth and takes several days to achieve
adequate tissue levels; it should not be used as single agent in the
critically ill neutropenic patient

Therapy should be continued for weeks to months, until calciﬁcation occurs
or lesions resolve. Patients who require ongoing chemotherapy or undergo
HCT should continue to receive antifungal therapy throughout the period
of high risk

L-AmB 3–5 mg/kg/day, or ABLC 5 mg/kg/day
[271] or posaconazole 200 mg QID initially,
then 400 mg BID PO after stabilization of
disease [272]

Posaconazole 200 mg QID initially, then 400 mg
BID PO after stabilization of disease [265] New
iron chelators (deferasirox, deferiprone) have
been combined with antifungal agents [266,
267] and are investigational at this point [268,
269]

Anidulafungin (loading dose of 200 mg, then
100 mg daily), micafungin (100 mg daily), or
caspofungin (loading dose of 70 mg, then 50 mg
daily)

Fluconazole 400 mg (6 mg/kg) daily for clinically
stable patients.
L-AmB 3–5 mg/kg daily or AmB-d 0.5–0.7 mg/
kg daily in acutely ill patients or patients with
refractory disease

For C. glabrata, an echinocandin is preferred; for C. parapsilosis, ﬂuconazole
or AmBLF is preferred as initial therapy; for C. krusei, an echinocandin,
AmBLF, or voriconazole is recommended
Intravenous catheter removal should be considered

For patients who are less critically ill and who have
no recent azole exposure Fluconazole 800 mg
IV (12 mg/kg) loading dose, then 400 mg (6 mg/
kg) IV daily

Chronic disseminated
candidiasis

Azoles should not be used for empirical therapy in patients who have received
an azole for prophylaxis

Comments

Fluconazole 800-mg IV (12 mg/kg) loading dose,
then 400 mg (6 mg/kg) daily

An echinocandin (caspofungin, loading 70 mg,
then 50 mg daily; micafungin, 100 mg daily;
anidulafungin, loading 200 mg, then 100 mg
daily) or L-AmB (3–5 mg/kg daily)

L-AmB 3–5 mg/kg daily or caspofungin (70 mg
loading dose, then 50 mg daily), or
voriconazole (6 mg/kg every 12 h for 1 day,
then 3 mg/kg twice daily)

Alternative

Proven candidemia

Candida [261]
Suspected candidemia

Table 7 Pathogen-speciﬁc antifungal therapy in neutropenic patients
Pathogen
Treatment of choice
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Voriconazole 6 mg/kg IV every 12 h for 1 day,
followed by 4 mg/kg IV every 12 h

Voriconazole 6 mg/kg IV every 12 h for 1 day,
followed by 4 mg/kg IV every 12 h [277,
278]

Posaconazole 200 mg QID initially, then 400 mg
BID PO or Itraconazole (dose depends on the
formulation) or L-AmB 3–5 mg/kg/day, or
ABLC 5 mg/kg/day

L-AmB 3–5 mg/kg/day, or ABLC 5 mg/kg/day

Medical therapy of nonresectable disseminated disease seems to be
ineffective.
Consider augmentation of the immune response with interferon gamma or
GM-CSF
Triazoles are considered more effective than amphotericin B formulations

QID: four times a day; BID: twice a day. All forms of amphotericin B and all echinocandins are administered intravenously (IV) only. Fluconazole and voriconazole are available in oral (PO) and
IV formulations. We believe IV administration should be preferred for these immunocompromised patients. Posaconazole is only available PO.
L-AmB liposomal amphotericin B, AmBLF lipid formulation of amphotericin B, ABLC amphotericin B lipid complex

Dematiaceous molds [270]

Scedosporium proliﬁcans

Scedosporiosis [270]
Scedosporium apiospermium
(Pseudallescheria
boydii)
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Treatment of Established Fungal Infections
The critical elements of successful management of the invasive fungal infections complicating neutropenia are (1) early
diagnosis, (2) initiation of aggressive pharmacologic treatment, (3) reversal of immunosuppression, including recovery
from neutropenia, discontinuation or reduction of immunosuppressive agents such as corticosteroids, and administration
of cytokines or granulocyte transfusions, and (4) when feasible, surgical resection of lesions.

Pharmacologic Treatment
A full review of antifungal agents as well as the speciﬁc issues
regarding each possible pathogen are beyond the scope of this
chapter. The reader should consult the appropriate chapters
elsewhere in this textbook. We will focus on a few selected
topics that pertain speciﬁcally to neutropenic hosts (Table 7).

Candidiasis
Of the different clinical presentations of candidiasis, chronic
disseminated candidiasis (hepatosplenic candidiasis) should
be brieﬂy discussed because it is a speciﬁc manifestation of
candidiasis in neutropenic patients. Clinical manifestations
characteristically appear when neutropenia resolves. Most
cases are caused by C. albicans, but C. tropicalis, C. glabrata,
and C. krusei have also been reported [279, 280]. Several
agents have been reported to be effective, including AmB-d
[53, 280–282], lipid formulations of AmB [283], ﬂuconazole,
and caspofungin [284–286]. Generally, ﬂuconazole is the
agent of choice if the patient is clinically stable [287]. Duration
seems to be the most important variable related to successful
treatment. In a recent series of 23 leukemic patients, the
median duration of antifungal therapy was 112 days (range
42–175 days) [280]. Very rarely, splenectomy may be required
[288]. Due to the chronicity of this infection, a dilemma often
occurs between treating the underlying neoplastic disease and
the fungal infection, because of concern that immunosuppression could lead to progression of candidiasis or breakthrough
candidemia. However, cancer chemotherapy can proceed
despite the presence of active infection, as long as continuous
antifungal treatment and careful monitoring are performed
[281, 285, 289]. For example, among 17 patients treated for
chronic disseminated candidiasis, all but 2 were treated for
their neoplastic process without progressive disease [281].
Premature discontinuation of antifungal therapy during cancer chemotherapy was the likely cause of progressive chronic
disseminated candidiasis in these two patients.
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Aspergillosis
Voriconazole should be considered the treatment of choice
for IA in neutropenic patients. The strongest evidence comes
from a multicenter, open-label, randomized, clinical trial
[34]. The investigators compared voriconazole, 6 mg/kg
twice daily on day 1 of treatment, followed by 4 mg/kg twice
daily IV for at least 7 days, after which time patients could
switch to oral voriconazole, 200 mg twice daily with intravenous AmB-d, 1.0–1.5 mg/kg daily. Patients with intolerance
or no response to therapy could be switched to “other licensed
antifungal therapy,” including lipid formulations, and continue to be included in the analysis. Only patients with probable or deﬁnite IA were included. Among the 391 patients
who were randomized, results were the same whether analyzed by intention-to-treat or by the modiﬁed intention-totreat population, which included 144 patients in the
voriconazole group and 133 in the AmB-d group. The proportion of neutropenic patients was 45% in both groups.
Voriconazole proved superior to AmB overall (successful
outcome 49.7% vs 27.8%) and in almost every subgroup
analysis. In the neutropenic patients, the success rate was
50.8% for voriconazole and 31.7% for AmB. Voriconazole
had better survival rate at 12 weeks: (70.8% vs 57.9%), as
well as fewer adverse events. The results of this trial were in
agreement with a previously published observational study
that had shown a response rate of 48% [290], with in vitro
data [291], and with observations in animal models [292,
293]. Although we now consider voriconazole the agent of
choice against aspergillosis in neutropenic patients, it must
be pointed out that the overall satisfactory response rate is
only approximately 50%. New strategies are clearly needed
for the treatment of this disease.
The disappointing 27.8% response rate of AmB demonstrated in the aforementioned randomized trial [34] is within
the range previously reported for this compound [30].
Although lipid formulations of AmB are less nephrotoxic
than conventional AmB-d, the value of these agents in
improving the response rate or overall survival rate in neutropenic patients with IA is unclear. Lipid formulations have
been shown to be at least as effective as AmB-d in pulmonary aspergillosis in persistently neutropenic rabbits [294,
295] and in clinical studies [296]. Lipid formulations also
have been useful in many cases as salvage therapy [264] and
are appropriate for neutropenic patients who are intolerant of
or refractory to voriconazole.
Itraconazole has been used for pulmonary aspergillosis,
with an acceptable response rate of 48.5% in 31 immunocompromised patients, 60% of whom were neutropenic
[297]. However, the discontinuation of the intravenous formulation of itraconazole and the availability of voriconazole
has all but eliminated itraconazole as a viable alternative in
neutropenic patients.
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Surgical Management
Surgical intervention is frequently a critical component of the
management of invasive fungal infections, particularly during
neutropenia. Acute invasive fungal rhinosinusitis during neutropenia should be considered a surgical emergency and
treated aggressively with extensive debridement and appropriate antifungal agents [60, 298]. Blood vessel invasion by
the mould causes vascular thrombosis, tissue ischemia, and
infarction of adjacent tissue. Rhinocerebral zygomycosis usually begins as an infection of the maxillary and ethmoid
sinuses. Involvement of the ethmoid sinus may progress to
invade the orbit, retro-orbital region, cavernous sinus, and
brain. A similar clinical picture may be caused by Aspergillus,
particularly A. ﬂavus, and by Fusarium. Because the zygomycetes are not susceptible to voriconazole, treatment of rhinosinusitis in neutropenic patients should include high-dose lipid
formulation AmB pending deﬁnitive identiﬁcation of the
pathogen. Although posaconazole has demonstrated clinical
activity against some genera of the family, this drug takes at
least 5 days to achieve adequate tissue levels and should not
be used as ﬁrst line of therapy during an emergency.
In the case of pulmonary infection, surgery has been used
for both diagnosis and therapy, and several series have
reported excellent results when early resection of localized
pulmonary fungal lesions is performed [67, 299–302]. The
goal of early surgery is to reduce the burden of disease and to
prevent life-threatening hemoptysis. The indications for surgery for pulmonary IA include resection of lesions threatening the great vessels, involvement of pericardium or other
mediastinal structures, hemoptysis from a large cavitary
lesion, intractable pleuritic pain, and invasion of ribs and
other chest wall structures. Generally, surgery may be indicated in Aspergillus osteomyelitis, CNS aspergillosis, sinusitis (particularly involving the ethmoid sinus), and primary
cutaneous ulcerative aspergillosis.
Massive hemoptysis typically occurs during the recovery
phase after chemotherapy, when the neutropenia has resolved
and the platelet count is rising [303–306], and it is often fatal.
Panos and colleagues found that aspergillosis was the most
common cause of fatal hemoptysis in patients with acute leukemia [304]. Caillot and colleagues performed emergency
surgery to prevent massive hemorrhage when the CT showed
a fungal lesion that appeared to be contiguous to the pulmonary artery or its branches [67, 299]. The presence of multiple lesions, thrombocytopenia, and neutropenia are not
contraindications for surgery in this setting. The most common procedure is lobectomy, plus segmentectomy and angioplasty if required. These investigators have reported an
improved prognosis for their patients over the years after the
introduction of this approach; 16 of 19 patients (84%) were
considered cured in one of their reports [299].

Other groups [300–302, 307] have reported their
experience with surgical management of fungal infections
during neutropenia. Although the series are retrospective and
relatively small, several conclusions can be drawn. First, surgery can be performed in compromised patients with IA.
Surgical complications, including bronchial dehiscence,
pleural contamination, and prolonged chest tube drainage,
are signiﬁcant, but the perioperative mortality rate is only
11–14%, and the overall survival rate compares favorably
with series based exclusively on medical management.
Second, experience is essential for favorable outcomes, and
third, there is no clear consensus on the indications for surgery. When evaluating the surgical series, which report cure
and survival rates apparently better than average (69–84%
cure rate), it is necessary to be aware that patients who
undergo surgery are not representative of all patients with
IA. In their analysis of the 87 cases of IA seen between 1982
and 1995 at the Royal Free Hospital in London, Yeghen et al.
found that the mere presence of at least one lesion with imaging suggestive of aspergillosis was associated with a better
prognosis, irrespective of surgery [308].

Granulocyte Transfusions
Granulocyte transfusions may be useful for the treatment of
fungal infections in neutropenic patients under certain conditions. The effectiveness of granulocyte transfusions in bacterial and fungal infections in neutropenic animal models was
shown decades ago [309–311]. Several studies in neutropenic patients with infection during treatment for acute leukemia seemed to support the use of this intervention, either
prophylactically or therapeutically [312–317]. Subsequently,
however, its use declined during the 1980s because of questionable overall efﬁcacy [318, 319] and the occurrence of
cases of severe toxicity, in particular acute respiratory distress syndrome [320], Wright et al. reported severe reactions
with acute dyspnea, hypoxemia, and interstitial inﬁltrates in
14 of 22 courses of granulocyte transfusions when AmB-d
was administered at the same time as the granulocytes, but
only in 2 of 35 courses when AmB-d was not given [320]. It
was hypothesized that the AmB-d caused aggregation of
neutrophils and enhanced pulmonary leukostasis [321]; however, these severe pulmonary reactions were not conﬁrmed
by other investigators [322], and in retrospect seem to be
explained by a combination of diverse causes, predominantly
alloimmunization and infection [323]. These reactions have
seldom been observed in the more recent reports of granulocyte transfusions, although most investigators recommend
separating in time the administration of granulocytes and any
form of AmB.
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Several critical reviews and meta-analyses of the initial
reports have been published [324–326], and they conclude
that granulocyte transfusions have demonstrated efﬁcacy
in the treatment of uncontrolled bacterial infections during persistent neutropenia. The data on fungal infections
are less conclusive, mainly because of a smaller number
of patients treated, as well as the presence of confounding
factors. The technical advances of the last 15 years, in
particular the use of G-CSF to mobilize granulocytes and
the use of continuous ﬂow apheresis techniques for harvesting the cells, offer the promise of 2–10 times more
neutrophils than were obtained with corticosteroids alone
in the past [327–329], which could yield potentially higher
efﬁcacy.
Reflecting the renewed interest in granulocyte transfusions, several case series or phase I/II clinical trials of
neutropenic patients treated with GCSF-mobilized granulocytes [330–334] and a randomized controlled trial
[335] have been published in the last decade. As anticipated, the combination of G-CSF plus dexamethasone
resulted in higher yields than either agent alone. The
leukocyte concentrates used in these studies contained t 1010 neutrophils. Transfused neutrophils have
persisted in the circulation with sustained increases in
the ANC for up to 24 h, and a cumulative effect of
repeated transfusions on the ANC has been documented.
The correlation between the administered dose and the
increase in ANC has been poor, although in general
doses >2 × 10 9/kg have been associated with increments
of the ANC >2 × 103/PL [332].
There are several case reports in which granulocyte
transfusions seem to have been life-saving during fungal
infection, both in neutropenic patients [336–339] and in
others with abnormal neutrophil function, such as chronic
granulomatous disease [340]. The study by Dignani et al. of
15 neutropenic patients with refractory invasive fungal
infection showed that 11 had favorable responses, probably
due to the high neutrophil dose, which elicited a mean
increase of the ANC in the recipients of 396/PL 24 h after
the transfusion [330].
Granulocyte transfusions may be life saving when given
to the appropriate hosts. At the NIH Clinical Center we have
used them selectively. The general requirements include
fungal infection unresponsive to optimal medical therapy,
neutropenia that is bound to persist for more than 4 or
5 days, and reasonable chance of ultimate bone marrow
function recovery. The only prophylactic indication we consider is for patients with previously documented invasive
fungal infections who are to undergo profound, prolonged
neutropenia. As a signiﬁcant fraction of our neutropenic
patients with fungal infection exhibit some degree of respiratory compromise, careful monitoring and adjustment of
the rates and doses of granulocytes are warranted.
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Recombinant Human Cytokines
in the Management of Established Fungal
Infections in Neutropenic Patients
The preceding discussion has emphasized the importance
of neutrophil recovery to control invasive fungal infections
in neutropenic patients. From this standpoint, it is logical
to recommend the use of agents that have been shown in
controlled trials to decrease the duration of neutropenia,
even if their documented effect on clinically signiﬁcant
outcomes is unclear. The American Society for Clinical
Oncology recently updated its recommendations for the
use of hematopoietic colony-stimulating factors [341].
Although two meta-analyses suggest that the overall outcome of fever and neutropenia is not signiﬁcantly changed
by the use of colony-stimulating factors [342, 343], the
consensus is that they should be considered for high-risk
patients, including those with ANC <100/PL, uncontrolled
primary disease, pneumonia, hypotension, sepsis syndrome, and invasive fungal infection. We would strongly
recommend the administration of recombinant G-CSF or
GM-CSF to persistently neutropenic patients who have a
proven invasive fungal infection.
Both G-CSF and GM-CSF accelerate myelopoiesis and
decrease the duration of neutropenia, but they are different cytokines with different targets and immunomodulatory effects. (For a review of the comparison and potential
use as adjuvant therapy of fungal infections in nonneutropenic hosts, see the review by Root and Dale [344]).
G-CSF, GM-CSF, and M-CSF have been shown to increase
the fungicidal action of phagocytes against Candida and
Aspergillus in a variety of experimental systems, both
in vitro and ex vivo [345–347]. GM-CSF also prevents
dexamethasone suppression of killing of A. fumigatus
conidia by bronchoalveolar and peritoneal macrophages
in mice [346, 348, 349]. Interferon gamma may be superior at enhancing the antifungal activity of phagocytes
[345, 350].
There is some evidence that Th1 immune responses may
be necessary for the optimal control of fungal infections
[351, 352]. In this regard, immune interventions to polarize
the immune response toward a Th1 type may be beneﬁcial.
Two of the main cytokines involved in this kind of response
are IL-12 and interferon-gamma, and it has been shown in
animal models that the administration of interferon-gamma
had some protective effect in BALB/c mice challenged with
Aspergillus conidia [353]. Evidence of a Th1/Th2 dysimmunoregulation in hepatosplenic candidiasis [354] and IA
[355], characterized by increased circulating levels of
IL-10, has been demonstrated in humans. These patterns of
cytokine dysregulation provide a rationale for use of
GM-CSF and interferon-gamma alone or in combination
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for adjunctive treatment of persistent or progressive invasive
fungal infections.
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Fungal Infections in Stem Cell Transplant Recipients
Dionissios Neofytos and Kieren A. Marr

Since the ﬁrst hematopoietic stem cell transplant (HSCT) was
performed more than 50 years ago, signiﬁcant progress has
been attained in the ﬁeld, with changes in conditioning regimens, stem cell sources, and outcomes. The preparative regimen for HSCT may be fully myeloablative or less aggressive
(nonmyeloablative). Different sources of stem cells have been
used, including bone marrow (BM), peripheral blood stem
cells (PBSCs), and cord blood. Stem cells may originate from
an identical twin (syngeneic), one’s own self (autologous),
and another donor (allogeneic). Allogeneic donors may be
related (family members) or unrelated to the recipients, with
match or mismatch in human leukocyte antigens (HLA).
Finally, manipulation of grafts (e.g., T cell depletion, CD34+
selection) may be used to modulate outcomes such as graftversus-host disease (GVHD) and relapsed malignancy. All
these variables impact the risks, timing, and outcomes of
opportunistic infections, including invasive fungal infections
(IFIs). Historically, infections due to Candida species have
been predominately encountered soon after HSCT (prior to
engraftment), while invasive mould infections, mainly invasive aspergillosis (IA), occur both early and later (after
engraftment). Damage of the gastrointestinal tract mucosa
and neutropenia due to conditioning regimens – particularly
those designed to be myeloablative – represent the main risks
for IFIs prior to engraftment. Neutrophil and T cell impairment associated with delayed engraftment or GVHD and
associated therapies are the main risks for IFIs later after a
HSCT.
The incidence, epidemiology, and clinical outcomes of
IFIs among HSCT recipients have changed over the last several decades as a result of changes in the host, preventive
strategies, and antifungal therapies. While the frequency of
invasive candidiasis has decreased since the early 1990s,
increasing frequency of IA among HSCT recipients was
noted during the 1990s [1–3]. In addition, IFIs due to moulds
other than Aspergillus, namely the Zygomycetes and Fusarium
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species, have also been appreciated as a signiﬁcant problem
[4, 5]. The clinical presentation, dynamically changing
epidemiology, and outcomes of the most frequently observed
IFIs, namely candidiasis, aspergillosis, zygomycosis (also
known as mucormycosis), and other moulds, will be
discussed.

Invasive Candidiasis
Clinical Presentation
The main risks for Candida infections post HSCT include
skin and mucosal membrane damage due to the presence of
central intravenous catheters and conditioning-related gastrointestinal mucositis, respectively. Neutropenia before
engraftment is another signiﬁcant factor impacting risks for
invasive candidiasis, and this is affected by the preparative
regimens, stem cell source, HSCT manipulation, which is
longer with ablative conditioning, and use of cord blood.
HSCT recipients with Candida infections most commonly
present with candidemia, which can be accompanied by sepsis. Candidemia may be sustained despite administration of
appropriate therapy and rapidly disseminate to involve other
organs. A diffuse maculopapular skin rash may be observed.
As skin lesions in HSCT recipients may represent a number
of different entities, it is pertinent to rapidly identify these
ﬁndings and proceed with the appropriate diagnostic procedure to obtain a diagnosis in a timely fashion.
Hepatosplenic candidiasis is the result of Candida species
invasion into the portal vasculature and subsequent dissemination to the liver and spleen. Clinical presentation frequently
occurs when neutropenia resolves and inﬂammation develops.
Blood cultures are negative in the vast majority of cases, and
the diagnosis is usually made based on clinical suspicion.
Patients present with right upper quadrant pain and tenderness on physical examination and have abnormal liver
enzymes. Computed tomography (CT) or magnetic resonance
imaging (MRI) of the abdomen may reveal liver, spleen,
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and/or kidney micronodular lesions. For a deﬁnitive diagnosis,
biopsy of hepatic lesions is required, if feasible, which may
reveal fungal forms consistent with Candida species. In clinical practice, diagnosis is frequently based on the presence of
fever, abdominal pain, elevated alkaline phosphatase, and
liver lesions on imaging. Notably, multiple other organisms
(e.g., bacteria, ﬁlamentous fungi) may present similarly and
should be appropriately ruled out. Finally, resolution of signs
and symptoms may be late despite appropriate antifungal
therapy.

Proportion (%) of Candida species
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In the 1980s Candida species were appreciated to be the
major fungal pathogen affecting HSCT recipients, with
reported incidence rates between 11% and 18% [6–8]. This
observation was followed by two large randomized, placebocontrolled trials testing primary antifungal prophylaxis with
ﬂuconazole after autologous and allogeneic HSCT [7, 9]. A
signiﬁcant decrease in IFIs, mainly due to Candida species,
was observed in both studies. In one study, ﬂuconazole
administration was signiﬁcantly associated with decreased
overall mortality among allogeneic HSCT recipients [9, 10].
The above studies resulted in the widespread administration
of ﬂuconazole for antifungal prophylaxis in the early posttransplant period in the early 1990s and lower rates (4.7–7%)
of invasive candidiasis among HSCT recipients [7–9, 11,
12]. Epidemiologic studies performed in European centers
suggest that the incidence of candidiasis among allogeneic
HSCT recipients has remained low (1–3%) since the 1980s
[13–16] (Fig. 1). Differences in conditioning, transplant
practices, and prophylactic strategies among different centers and countries may, in part, account for differences in
epidemiology and outcomes.
10
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Fig. 2 Proportion of Candida species among HSCT recipients with
invasive candidiasis between 1989 and 2007 in the USA and Europe
(Adapted from Ref. [11, 12, 14–16, 18]). CALB C. albicans, CGLA C.
glabrata, CPAR C. parapsilosis, CTRO C. tropicalis, CKRU C. krusei,
CGUI C. guilliermondii

In early studies, C. albicans counted for >50% of episodes,
followed by C. tropicalis; C. glabrata and C. krusei were
less frequently identiﬁed [6]. However, the epidemiology of
Candida species among HSCT recipients has changed; the
proportion of invasive infection caused by potentially azoleresistant Candida species, such as C. glabrata and C. krusei,
has increased since the early 1990s, perhaps as a result of the
selective pressure from extensive use of ﬂuconazole [11, 12,
15–19] (Fig. 2). Wingard et al. reported a sevenfold increase
between 1989 and 1990 in the frequency of invasive candidiasis due to C. krusei in patients with leukemia and HSCT
recipients that received ﬂuconazole for prophylaxis compared with those who did not receive prophylaxis (p =
0.0002) [17]. The same group reported higher rates of infection due to C. glabrata among leukemic patients and HSCT
recipients receiving ﬂuconazole [20]. Recent prospectively
collected data from a multicenter registry on HSCT recipients who had IFIs between 2004 and 2007 suggest that species other than C. albicans are the most common cause of
invasive candidiasis, with C. glabrata most frequently isolated (43.5%) [19]. Finally, resistance developing among traditionally azole-susceptible Candida species can occur. In
one study, 5.3% of C. albicans isolated were found to be
resistant to ﬂuconazole, which is consistent with other concurrent reports [11, 21, 22].
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Fig. 1 Frequency of invasive candidiasis among allogeneic HSCT
recipients between 1989 and 2003 in the USA and Europe (Adapted
from Ref. [11, 12, 14–16])

HSCT recipients are at risk for invasive mould infections by
virtue of their underlying disease, complications, and administered therapies. The most frequently encountered moulds
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affecting HSCT recipients include Aspergillus species,
Fusarium species, Scedosporium species, and the agents of
mucormycosis. HSCT recipients are exposed to moulds
through direct skin inoculation and gastrointestinal tract
invasion, but the predominant exposure is via inhalation.
Normally, macrophages identify and kill conidia in the alveoli before they germinate and form hyphae. Therapies for
GVHD, including high-dose corticosteroids and other immunosuppressive agents, signiﬁcantly affect neutrophil and
T cell function, both pertinent for containing mould infections, preventing tissue invasion, and clearing pulmonary
inﬂammation [23–26]. Risk factors for IA appear to differ
based on the timing after transplant, with neutropenia and
GVHD being the major driving forces before and after
engraftment, respectively (Table 1). Recent data suggest that
polymorphisms in different pattern recognition receptors
(e.g., Toll-like receptors) and other genes, such as those regulating plasminogen, in HSCT donors and recipients may
also affect the risks for IA following HSCT [27–29].
Invasive mould infections among HSCT recipients may present with local invasion of lung and sinuses or with dissemination to multiple sites. Aspergillus species are the most
frequent cause, identiﬁed in more than 90% of pulmonary
invasive mould disease, followed by other ﬁlamentous fungi,
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including Fusarium species, Scedosporium species, and the
agents of mucormycosis [4, 5, 30]. Clinical and radiologic
presentations of pulmonary syndromes due to different
moulds are often similar. Patients present with fever, cough,
dyspnea, hemoptysis, and pleuritic chest pain [5, 31]. A
“halo sign” (nodular lesion surrounded by a halo representing alveolar hemorrhage) may be identiﬁed in up to 93% of
patients with acute pulmonary IA [32–37]. Notably, the halo
sign is not speciﬁc for IA, as other infections can present
similarly, including those caused by other moulds and bacteria, such as Pseudomonas species [38–40]. Radiographic
patterns may be variable, especially in non-neutropenic hosts
[35, 36, 41]. Abnormalities may include small or large nodules, patchy, segmental, or wedge-shaped consolidations,
peribronchial inﬁltrates, tree-in-bud distribution, and cavities [35, 36] (Fig. 3). Recent studies suggest that allogeneic
HSCT recipients with IA in the setting of GVHD may present with variable radiographic ﬁndings, such as bronchopneumonia or focal inﬁltrates rather than isolated nodules
[41]. Retrospective data suggest that presence of concomitant sinusitis, multiple (>10) pulmonary nodules, and pleural
effusion may be predictive of pulmonary mucormycosis
[42]. Because therapies differ, aggressive diagnostic workup,
including bronchoscopy and testing for galactomannan,

Table 1 Risk factors associated with invasive aspergillosis among HSCT recipients
Host-related
Underlying disease

Overall

Early (0–40 days)

Late (>40 days)

Age >40 [1, 2, 4, 15]
CMV seropositivity [2, 26]
Hematologic malignancya [1, 2, 4]

Age >40 [1, 2]

Age >19 [1]
CMV seropositivity [2]
Hematologic malignancya [1]

Multiple myeloma [1]
Myelodysplastic syndrome [1, 2]
Transplant-related
Conditioning
Donor–recipient

Stem cell source/manipulation

Transplant complications

Concomitant infections
Other factors

Total body irradiation [15]
Mismatched donor [1, 2]
Unrelated donor [2, 4, 15]
TLR4 donor polymorphism [26]
Plasminogen gene recipient
polymorphism [27]
Cord blood [2]
T cell depletion [2]
CD34 selection [2]
Neutropenia [1, 2]
GVHD acute 2–4 [2]
Chronic extensive GVHD [2]
CMV disease [2]
Respiratory viral infection [2]

Hematologic malignancya
[1, 2]
Aplastic anemia [1, 2]
Myelodysplastic syndrome [1, 2]

Multiple myeloma [2]

Mismatched donor [1]

Unrelated donor [1]

Cord blood [2]

T cell depletion [2]
CD34 selection [2]

CMV disease [2]

No laminar air room [1]
Summer [1]
CMV cytomegalovirus, TLR Toll-like receptors, GVHD graft-versus-host disease
a
Other than chronic myelogenous leukemia, chronic phase and ﬁrst remission
Only results found signiﬁcant in multivariate analyses are included

Neutropenia [1, 2]
Lymphopenia [2]
Acute GVHD grade 2–4 [1, 2]
Corticosteroids [1]
CMV disease [2]
Respiratory viral infections [2]
Present construction [1]
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Fig. 3 Radiographic presentations of aspergillosis in allogeneic
HSCT recipients. Appearance can vary from (a) isolated pulmonary lesions, to (b) cavitary lesions, to (c and d) infiltrates.

Infiltrates are frequently pleural based (c and d), and ground glass
changes can appear surrounding nodular lesions (a) or as an
isolated finding (d)

should be promptly initiated to allow the accurate diagnosis
of invasive mould infections and initiation of appropriate
therapies.
Sinusitis is a common manifestation of invasive mould
infections among HSCT recipients, with Aspergillus species
and the Zygomycetes representing the major pathogens. Sinus
disease can be very subtle and is occasionally found on routine
sinus CT, but most patients present with facial tenderness,
congestion, and fever. A CT scan showing sinus disease is not
speciﬁc, as multiple different moulds and bacterial pathogens
can cause sinusitis. Deﬁnitive diagnosis relies on biopsy and
culture of the affected tissue, if feasible. These organisms may
invade and spread into the orbits or brain causing signiﬁcant
necrosis of the palate, often presenting as a necrotic, black
eschar. The absence of distinct lesions upon direct visualization of the sinuses should not exclude tissue biopsy.
Invasive mould infections among HSCT recipients can
spread to other contiguous sites or rapidly disseminate to
skin, leading to multiple papular to nodular necrotic lesions,
and to other organs, including the lungs and brain [4, 43–48].
Fusarium species can sporulate in vivo and produce adventitious forms that disseminate and are able to grow in blood
cultures [4, 49]. A classic presentation of fusariosis is that of

disseminated papular-to-ulcerated skin lesions and blood
cultures positive for a ﬁlamentous organism [48, 50]. Other
ﬁlamentous organisms, predominately S. proliﬁcans, can
also be detected in blood cultures [45, 51].

Epidemiology
In the 1990s data from the Fred Hutchinson Cancer Research
Center in Seattle, Washington, suggested that the incidence
of IA among allogeneic HSCT recipients increased compared to the 1980s (11.2% vs 5.7%, respectively; p = 0.02)
[1]. Multiple centers have since reported that the rates of IA
among allogeneic HSCT recipients remained as high as 10%
during the 1990s and early 2000s [2–4, 13, 14, 52–54]. All
HSCT recipients are not equally affected by Aspergillus species. The incidence of IA differs based on factors predicting
severity and duration of neutropenia and GVHD: (1) type of
transplant (lower among autologous [0–5.3%] compared to
allogeneic HSCT [10%]), (2) HLA match (higher in HLA
mismatched and unrelated donors [10.5% vs matched related
7.3%]), and (3) graft manipulation (higher in T-cell-depleted
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Neosartorya udagawae, and N. pseudoﬁscheri, have been
reported in HSCT recipients from multiple centers [68–72].
These species include several that exhibit high resistance
proﬁles to multiple antifungal agents, including voriconazole
and amphotericin B, which raises questions regarding the
potential clinical signiﬁcance of antifungal resistance in
cases with poor outcomes. In addition, A. terreus has been
reported to be resistant to amphotericin B [73–75].
The above observations underscore the importance of
establishing a microbiologic diagnosis for IA when feasible.
Unfortunately, recent reports suggest that Aspergillus species remain either unknown or not identiﬁed in as many as
49–62% of cases (Fig. 4) [15, 19]. This may, in part, be
related to the availability of noninvasive diagnostic tests such
as CT scans and galactomannan assays that provide a possible or probable diagnosis without requiring an invasive procedure such as bronchoscopy and lung tissue biopsy.
Although this may facilitate and, at times, expedite the diagnosis of IA, the emergence of new Aspergillus species with
different susceptibility proﬁles and azole resistance among
Aspergillus species should be taken into consideration when
treating HSCT recipients with IA, particularly those that fail
to respond to the administered therapies.

Prevention
Therapy of IFIs entails both preventive strategies as well as
treatment of established infection. In HSCT recipients, prevention of infection is critical. It can be argued that the most
important therapeutic advances in the supportive care of
HSCT recipients within the last decade have occurred due to
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[4–16%] vs unmanipulated grafts [2.2–7%]) [2, 4, 15, 53–58].
In contrast, differences in the conditioning regimen do not
seem to signiﬁcantly affect the incidence of IA postallogeneic HSCT, with recipients of nonablative conditioning regimens exhibiting high risks during GVHD [57, 59–62].
Although less frequently encountered, the incidence of
mucormycosis among HSCT recipients signiﬁcantly increased
from 0.25% (10 cases among 4,020 HSCT recipients) between
1989 and 1998 to 1.5% (13 of 834) from 2002 to 2004 in one
center [30]. Similarly, other groups have reported a relative
increase in the frequency of infections due to moulds other
than IA among HSCT recipients since the 1990s (Fig. 3)
[4, 15, 19, 30].
Despite the routine administration of prophylactic therapy
and aggressive monitoring of HSCT recipients, almost onethird of IA cases are observed prior to engraftment, particularly among autologous HSCT recipients [3, 15, 19].
However, the majority of cases of other mould infections
occur post engraftment, during periods of acute or chronic
GVHD [3, 4, 19, 30, 48, 63, 64]. In one series, all cases of
zygomycosis and fusariosis occurred after engraftment, with
>50% diagnosed after day 100 [3].
A. fumigatus has been the most commonly isolated
Aspergillus species in HSCT recipients with IA, ranging
from 22.1 to 80.5% in different series (Fig. 4) [1, 4, 13–15,
19, 52]. The frequency of infections with A. ﬂavus, A. terreus,
and A. niger has varied in different studies, but these species
are noted much less commonly than A. fumigatus [1, 4, 13–
15, 19, 52, 57]. Clusters of cases of IA due to A. ustus or A.
calidoustus, both potentially multi-drug-resistant pathogens,
have been reported among HSCT recipients [65–67].
Recently infections caused by previously unrecognized species within the section Fumigati, speciﬁcally A. lentulus,
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the effective measures to prevent gram-negative bacterial
infections, CMV disease, and candidiasis. One multivariable
analysis of outcomes among unrelated donor HSCT recipients with chronic myelogenous leukemia found that two
important predictors of overall survival were receipt of ganciclovir for preventing CMV infection and ﬂuconazole for
preventing candidiasis [76].
Strategies to prevent fungal infections may rely on
administration of antifungals “prophylactically” in high-risk
patients, “empirically” in patients with fever during neutropenia, and “preemptively” in patients in whom a more speciﬁc
indicator of fungal infection is detected. There are advantages
and disadvantages to each of these strategies.

Prophylaxis
Prophylactic administration of azole antifungal drugs has
become common practice in HSCT recipients. Several randomized trials performed in the early 1990s showed efﬁcacy
in preventing candidiasis [7, 9]. The ﬁrst large randomized
trial that compared ﬂuconazole with placebo until neutrophil
engraftment in both autologous and allogeneic HSCT recipients showed that ﬂuconazole was associated with decreased
fungal infections and fungal infection-related deaths, but
there was no difference in overall survival [7]. A second trial
compared ﬂuconazole with placebo, both administered for a
longer period of time during GVHD in allograft recipients
[9]. The results of this trial, and a subsequent long-term follow-up study of the same randomized cohort, veriﬁed that
ﬂuconazole decreased infections, infection-related deaths,
and the overall mortality rate of allograft recipients [9, 10].
Another study documented that the prophylactic use of ﬂuconazole decreased the incidence of hepatosplenic candidiasis in HSCT recipients [77]. Optimal doses and duration of
ﬂuconazole administration continue to be a matter of debate.
Unfortunately, the successful prevention of fungal infections has been dampened due to the emergence of azoleresistant Candida species and moulds. Most reports suggest
that liberal azole use is associated with selection of resistant
Candida species, namely C. glabrata and C. krusei [11, 78, 79].
Perhaps more importantly, the incidence of IA has increased
in many centers, with this organism surpassing yeasts as the
cause of infection-related mortality. The estimated incidence
of IA approximates 10–15% in most HSCT centers, with
the majority of infections diagnosed late after engraftment –
during GVHD [1, 53, 80]. Due to this shift in epidemiology,
efforts turned toward establishing a preventive strategy that
would encompass moulds as well as yeasts.
Several studies were performed to determine if itraconazole was better than placebo, amphotericin B, or ﬂuconazole for preventing infection in neutropenic patients
[81–83]. Although the results of these studies suggested
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promise regarding prevention of IA, the studies were not
performed in high-risk HSCT recipients. Two trials that
compared outcomes of HSCT patients who received either
itraconazole or ﬂuconazole for at least 100 days after transplant demonstrated the potential utility of itraconazole in
preventing invasive mould infections; however, the rate of
toxicities was high [84]. Two large studies have demonstrated
utility of posaconazole in preventing IFI, especially those
caused by moulds, in HSCT patients with GVHD and in
patients who are neutropenic following therapy for acute
myelocytic leukemia or myelodysplastic syndrome [85, 86].
Another large trial that compared outcomes of voriconazole
to ﬂuconazole in “standard risk” HSCT recipients has been
completed, with numbers of IFI suggesting potential utility
of the mould-active drug [87]. Finally, other methods of
administering mould-active antifungals, such as inhaled lipid
amphotericin B formulations, may provide utility in preventing IA, but this practice is not yet the standard of care [88].

Empirical and Preemptive Therapy
Another approach to prevention of IFIs is to administer antifungal agents to neutropenic patients with fever that persists
despite antibiotics. This practice was established in the
1980s, with the performance of two randomized trials that
compared outcomes of febrile neutropenic patients who
received either no antifungal therapy or amphotericin B
deoxycholate [89, 90]. Both trials showed that amphotericin
B was associated with fewer fungal infections. Which antifungal is best for treating fever during neutropenia has been
the subject of multiple studies performed subsequently. Most
of these studies did not enroll enough HSCT patients to compare efﬁcacy of preventing infection, especially in people
already receiving some type of systemically absorbed antifungal drug as prophylaxis [91]. Evaluation of toxicity end
points and composite variables showed efﬁcacy, but fewer
toxicities with empirical therapy with ﬂuconazole, itraconazole, and lipid formulations of amphotericin B compared to
amphotericin B deoxycholate [91, 92]. Whether the toxicity
concerns are great enough to warrant the use of the more
expensive formulations is a matter of continued debate.
Expense has limited their widespread adoption in many large
cancer centers. Mould-active triazole antifungal drugs, such
as voriconazole and lipid amphotericin B formulations, may
be appropriate for treatment of fever during neutropenia in
HSCT recipients who have received ﬂuconazole prophylactically [93, 94]. However, fever during neutropenia is not frequently caused by fungal infections in patients who are
receiving prophylaxis. Recent studies have found that <5%
of high-risk HSCT recipients who are febrile while receiving
systemically absorbed antifungal prophylaxis actually had
fungal infections as a cause of their fevers [94].
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Preemptive is a term used to describe therapy administered early during the course of infection in some settings in
an attempt to prevent the development of disease. For CMV,
strategies using pp65 antigenemia and PCR to identify infection in HSCT recipients have been very successful at preventing CMV disease and attributable mortality [95]. The
development of new diagnostic assays for fungal infections
may allow for the similar development of preventive strategies. Early studies focused on the use of serial CT-scanning
to initiate early antifungal therapy. Although one small study
noted that screening with sensitive radiographic tests may
lead to decreased Aspergillus-associated mortality compared
to historic controls, the costs and inability to routinely screen
for long durations after HSCT have limited the applicability
of this approach [96]. Other studies have reported that screening with PCR or antigenemia assays may permit establishment of an earlier diagnosis of aspergillosis [97].
Recently, two large studies have evaluated, in a comparative fashion, the potential utility of preemptive therapy. In one,
patients were randomized to “standard care” versus care augmented with PCR-based screening. Results did not demonstrate clear beneﬁts in the PCR-based approach; more
antifungals were used and there was no large difference in
clinical outcomes [98]. Another study randomized neutropenic
patients to receive either “standard care” with empirical therapy or an approach that utilized composite clinical and laboratory criteria, including galactomannan screening tests, to
trigger the initiation of antifungal therapy [99]. In that study,
there were trends to fewer IFIs, particularly those caused by
Candida species, in the standard “empirical” therapy arm,
suggesting that a preemptive approach driven by these clinical
criteria may not be sufﬁcient for early therapy in patients who
are not receiving ﬂuconazole as prophylactic therapy. While
these studies have tremendous importance in providing ﬁrst
efforts for comparative evaluation of preemptive approaches,
neither can be considered to provide deﬁnitive results, and
more efforts are needed to optimize preventative strategies.

Other Methods
Aside from prophylactic or preemptive antifungal administration, other methods to prevent IFIs in HSCT recipients include
avoiding exposure and minimizing the severity or duration
of risk. Aspergillus and other moulds are most frequently
acquired from the hospital or external environment, although
a certain number of HSCT patients who develop disease early
after transplant appear to have reactivation from a previously
acquired infection. Efforts to minimize exposure to Aspergillus
species during the periods of risk have focused on air ﬁltration, either through laminar airﬂow or high-efﬁciency particulate air (HEPA) ﬁltration. No randomized trials have been
performed to measure the utility of these measures; however,

several multivariable models to deﬁne risk factors for IA have
shown that both may be useful to prevent infection early after
transplant [1, 100, 101]. The important limitation to using
containment practices is that they are only useful during the
period of time during which they are employed. Many experienced clinicians have recently questioned the utility of laminar air ﬂow at a time when disease is most frequently acquired
outside of the hospital, late after transplant.
The environmental source of Aspergillus species has also
been called into question with the results of several recent
studies suggesting that moulds may be a common contaminant in hospital water supplies [102–106]. The ﬁndings of
Aspergillus (including A. fumigatus) and Fusarium species
in hospital water supplies, with high amounts of spores
recovered in and around patient bathrooms, have led some
clinicians to suggest that it may be prudent to avoid aerosolization of water through showering during the period of
high risk. Other studies have reported outbreaks of hospitalacquired A. terreus infections from apparent association with
vegetation (plants) within the hospital [107].
Although the exact environmental source of moulds is rarely
determined, even during periods of outbreaks, most centers
have instituted infection control practices that focus on air
monitoring, patient avoidance of vegetation and food known to
have high mould content, such as pepper, and patient avoidance
of activities that are associated with aerosolization of conidia,
including mowing the lawn, gardening, vacuuming, etc. More
studies are necessary to determine whether other infection control practices can minimize infection late after HSCT.
It may also be possible to prevent infection by minimizing
the severity and the duration of risks. Efforts to prevent fungal infections have focused on the roles of immune modulators to decrease neutropenia. Few placebo-controlled
randomized studies employing hematopoietic growth factors
or granulocyte infusions to prevent infection have been performed; however, the results of small randomized trials and
risk factor analyses suggest that minimizing the period of
neutropenia is associated with fewer Candida and Aspergillus
infections [108]. Optimizing risk reduction during the GVHD
period is important, and recent risk factor analyses have
shown that factors other than neutropenia, namely corticosteroid exposure, viral (CMV) infections, and lymphopenia
may be the strongest predictors of post-engraftment aspergillosis [2, 53]. Minimizing the use of corticosteroids for GVHD
is prudent, when possible.

Treatment
For a long time, clinicians have balanced the need for establishing a microbial diagnosis of fungal infections with the
desire to minimize complications associated with invasive
procedures. Mould infections are especially difﬁcult to diag-
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nose with certainty without performance of some type of invasive procedure, such as bronchoalveolar lavage or lung biopsy.
Although complications are rare subsequent to lavage, lung
biopsy may elicit hemorrhage and infection in neutropenic,
thrombocytopenic patients [109]. One may treat patients with
suggestive radiographic lesions presumptively with antifungal
agents; however, without a deﬁnitive diagnosis, there is a substantial risk of administering misdirected therapy. Establishing
a microbial diagnosis has become especially important now
that multiple effective antifungal drugs other than amphotericin B deoxycholate are available for use.

Treatment of Candidiasis
Therapy of infections caused by Candida depends on the causative species. While ﬂuconazole has been shown to be equivalent to amphotericin B for treatment of candidemia in
nonneutropenic patients, candidiasis in neutropenic patients
and HSCT recipients is frequently caused by azole-resistant
organisms, such as C. glabrata or C. krusei [1, 110, 111].
In these patients, even C. albicans may become resistant to
ﬂuconazole through continued exposure during prophylactic
therapy [11, 78, 112]. For this reason, and because azole drugs,
especially ﬂuconazole and itraconazole, have not been evaluated extensively for therapy of invasive infection in severely
immunosuppressed patients, standard therapy of bloodstream
infection should include an amphotericin B formulation or an
echinocandin. Therapy with lipid formulations of amphotericin B or one of the echinocandins is supported by the results of
randomized trials, in which these agents – caspofungin, micafungin, and anidulafungin – were compared with amphotericin B, lipid formulations of amphotericin B, or ﬂuconazole.
Results of these studies suggest comparable efﬁcacy, with
potentially fewer toxicities associated with echinocandin therapy [113–116]. Duration of therapy for candidemia should
continue for at least 2 weeks after the ﬁrst negative blood culture in order to minimize the likelihood of metastatic sequelae,
such as chorioretinitis and endocarditis [117].
Multiple antifungal drugs, including ﬂuconazole, have
been shown to be effective for the treatment of hepatosplenic
candidiasis, as most infections are caused by susceptible
C. albicans. Although no randomized studies have been performed to identify the best antifungal agent for treatment,
most clinicians favor the use of an amphotericin B formulation as initial therapy, followed by maintenance therapy with
an azole antifungal until resolution of lesions occurs [118].
Anecdotal success has been reported using echinocandin
antifungals for therapy of hepatosplenic candidiasis as well,
which is consistent with the distribution of these drugs to the
liver [119]. The reader is referred to a detailed discussion of
treatment of Candida infections in Chap. 11.
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Treatment of Mould Infections
Historically, the only effective therapy for mould infections
was amphotericin B. The introduction of new triazoles and
echinocandins has now challenged this “gold standard,” with
evidence that alternative therapy may be indicated for nonAspergillus mould infections and for treatment of infection
that does not initially respond to amphotericin B formulations. No randomized studies have compared therapy with
amphotericin B deoxycholate to lipid formulations of amphotericin B, although the latter formulations have fewer nephrotoxicities and infusion-related toxicities, both of which
may occur at high frequency in HSCT recipients [94, 120].
Differentiating infections with Aspergillus species and other
mould pathogens has become critical, as optimal therapy for
each may differ. While amphotericin B remains the current
therapy of choice for zygomycosis, several retrospective
open-label studies suggest that the best outcomes result from
therapy with high doses of lipid amphotericin B formulations
in conjunction with aggressive surgical debridement of
involved tissue and granulocyte stimulation or replacement
[5, 121]. Emerging data indicate that optimal therapy for
Fusarium species and Scedosporium species may be a
mould-active triazole antifungal drug. Reports of outcomes
using voriconazole and posaconazole have been encouraging, leading some experienced clinicians to suggest that these
drugs should now be considered ﬁrst-line therapy for these
opportunistic ﬁlamentous mould infections.
The historic algorithm for treating IA has been to administer amphotericin B deoxycholate as initial (primary) therapy and then to switch to either a mould-active triazole, an
echinocandin, or a lipid formulation of amphotericin B if
the patient develops serious toxicities or fails to respond to
initial therapy. Only one randomized, double-blind study
has been performed to evaluate the use of a lipid formulation of amphotericin B as primary therapy for IA. In this
study, amphotericin B colloidal dispersion (ABCD) at a
dose of 6 mg/kg/day was equivalent in efﬁcacy to amphotericin B deoxycholate, 1.0–1.5 mg/kg/day, but was associated with signiﬁcantly less nephrotoxicity [122]. Despite
the lack of data to support superior efﬁcacy, the lipid formulations are favored by many clinicians because of their
potential to deliver high doses of amphotericin B to target
tissues without an increase in toxicities. A recent study that
compared two doses of liposomal amphotericin B (3 mg/kg
vs 10 mg/kg) did not demonstrate better outcomes with the
higher dose, in which there were also more toxicities [123].
Salvage studies have shown that voriconazole, posaconazole, and caspofungin are associated with successful therapy when used as a second-line agent in approximately
40% of patients.
The algorithm for standard therapy for IA changed with
trials that compared amphotericin B with voriconazole.
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Although the response rates of aspergillosis in allogeneic
HSCT recipients using amphotericin B formulations only
approximated 10–15%, responses were noted in 26% of allogeneic HSCT patients who received voriconazole either as
primary or secondary therapy [33, 124–126]. More convincing evidence that voriconazole may be an effective therapy
comes from the randomized trial that compared voriconazole
as primary therapy with the standard algorithm of amphotericin B followed by the investigator’s choice of other licensed
antifungal therapy. The results of this trial indicate that clinical outcomes and overall survival rates improve with voriconazole used as primary therapy [127].
In vitro and in vivo studies suggest that combination antifungal therapy, employing an echinocandin with either a
mould-active triazole or an amphotericin B formulation for
IA, may be more efﬁcacious [128–131]. Retrospective data
from the Fred Hutchinson Cancer Center showed that voriconazole combined with caspofungin as salvage treatment of
IA in HSCT recipients, most of whom had received an allogeneic transplant, was associated with improved 3-month
survival compared to voriconazole alone [132]. In multivariate model analyses, salvage therapy with the combination of
voriconazole and caspofungin was associated with reduced
mortality rates, compared with therapy with voriconazole
(HR, 0.28; 95% CI, 0.28–0.92; p = 0.01), independent of
other prognostic variables [132]. A prospective double-blind,
randomized, multicenter, international study to address the
efﬁcacy of combination therapy of voriconazole with an
echinocandin in HSCT recipients and high-risk hematologic
malignancy patients is currently underway (Clinical Trials
Gov: NCT00531479).
Recently, attention has turned toward the potential need
for therapeutic drug monitoring to assure “good” levels of
voriconazole. Studies have shown that approximately 20%
of patients do not have measurable levels of the drug despite
standard dosing, and if levels are too high, there may be a
higher incidence of neurotoxicity and/or hepatotoxicity
[133–135]. While the optimal algorithm for dosing and following up on voriconazole has yet to be deﬁned, levels have
to at least be considered, especially in patients who are not
responding or who have demonstrated toxicities. Clinical
studies evaluating the safety and efﬁcacy of the various combinations, especially combining voriconazole with an echinocandin, are underway. Common practice is to continue
antifungal therapy for the duration of time that the patient is
receiving immunosuppressive drugs. Allogeneic HSCT
recipients with pulmonary mould infections should receive
prolonged antifungal therapy, at least as long as they are
receiving high doses of corticosteroid therapy for GVHD.
The cumulative dose and duration of corticosteroid exposure
are closely associated with negative outcomes of antifungal
therapy; consequently, every effort should be made to minimize exposure to corticosteroids [33].
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Adjunctive Therapy
The utility of adjunctive therapy using immune modulating
agents, such as hematopoietic growth factors or granulocyte
transfusions, continues to be a matter of debate. No deﬁnitive
randomized studies have been performed. Up to now, studies
have only justiﬁed the safety of immunomodulating therapy,
with anecdotes suggesting efﬁcacy. Granulocyte colony-stimulating factor (G-CSF) and granulocyte-macrophage colonystimulating factor (GM-CSF) are used frequently in patients
who are neutropenic and have invasive fungal infections.
Adjunctive immunotherapy may be especially important for
treatment of mould infections characterized by a large circulating fungal burden and relative resistance to antifungal
drugs, as with disseminated fusariosis. In addition, other
reports emphasize that outcomes of therapy for zygomycosis
improve with rapid resolution of neutropenia [5]. The potential utility of neutrophil transfusions as adjunctive therapy has
been rejuvenated with the development of G-CSF-primed
community donor transfusions [136]. Studies evaluating the
safety and efﬁcacy of such transfusions, and the use of interferon-gamma for adjunctive therapy of aspergillosis in neutropenic patients, are either ongoing or in development.
The role of surgical debridement of pulmonary fungal
lesions is also a matter of debate, as no randomized studies
have been performed, and noncontrolled studies are impacted
by selection bias. Anecdotal reports and case series suggest that
there is a deﬁnite role for surgical resection in patients who
present with severe hemoptysis and fungal lesions abutting
large vessels, and in patients in whom further myelosuppressive therapy is intended [137]. In many centers, patients who
present pretransplant with isolated pulmonary fungal lesions
undergo resection when possible. This practice is justiﬁed by
the results of case series that suggest that recurrent fungal infection occurs less frequently in patients who have undergone surgical resection before myeloablative therapy. As mentioned
above, surgical resection of infection caused by Zygomycetes
appears to be strongly associated with successful therapy.

Clinical Outcomes
Clinical outcomes among HSCT recipients with invasive
candidiasis remain poor, in part due to the underlying compromised immune status and organ function of these patients.
Mortality rates ranged between 22% and 40% during the
1980–1990s [6, 8, 11]. In a US multicenter study performed
between 2004 and 2007, the crude 12-week mortality rate
among HSCT recipients with invasive candidiasis was found
to be 48.9% [19]. Although less frequently encountered due
to routine prophylaxis with ﬂuconazole, invasive candidiasis
appears to be a signiﬁcant factor affecting outcomes among
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HSCT recipients. More aggressive HSCT practices, such as
performing high-risk transplants, might have resulted in
sicker patients with worse prognoses due to their comorbidities and prolonged immunosuppressed state. Estimating the
actual attributable mortality of invasive candidiasis in this
population is difﬁcult.
The reported 4–12-month mortality rates among HSCT
recipients with IA have historically been as high as 90% [1,
2, 4, 33]. Recent data suggest that outcomes may be improving, with 12-week overall survival ranging from 44 to 64.5%
[19, 138, 139]. Improved contemporary clinical outcomes
may in part reﬂect improved diagnostic modalities leading to
earlier recognition of IA and prompt initiation of antifungal
treatment at an earlier stage. In fact, early diagnosis of pulmonary IA based on chest CT scan was associated with
improved 12-week survival rate (71% vs 53%, p < 0.01) and
treatment response (52% vs 29%, p < 0.001) [37]. The availability of potent and well-tolerated antifungal agents might
have also allowed for earlier treatment initiation and improved
outcomes. Different centers have reported an association
between improved survival rates and voriconazole administration [138, 139]. In addition, transplant-related variables,
such as nonmyeloablative conditioning and use of peripheral
blood cells as a stem cell source, have been associated with
improved survival rates [138, 139]. In contrast, predictors of
mortality among HSCT recipients with IA have included
younger age, HLA-mismatched donors, neutropenia, monocytopenia, abnormal renal and liver function, disseminated
disease, presence of a pleural effusion, administration of corticosteroids, and uncontrolled GVHD [19, 139, 140].
While the clinical outcomes of IA appear to be improving, survival among HSCT recipients with mucormycosis
and other mould infections remains poor, with reported mortality rates ranging between 64% and 100% [4, 19, 121].
Historically, HSCT recipients with an invasive infection due
to Fusarium species have had poor outcomes, with survival
rates ranging between 13% and 21% [4, 48, 141]. Similarly,
infections with Scedosporium species have been associated
with 30-day mortality rates reaching 100% [4]. The prolonged duration of profound immunosuppression of HSCT
recipients, cumbersome and frequent late diagnosis of these
infections, and limited treatment options likely contribute to
the poor outcomes associated with mould infections.
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Fungal Infections in Solid Organ Transplant Recipients
Peter G. Pappas

Organ transplantation is an effective life-sparing modality
for thousands of patients with organ failure syndromes.
In spite of important advances in surgical technique and
immunosuppressive regimens that have made organ transplantation a safer procedure today when compared to previous decades, there remain substantial risks of infection
and other complications related to these procedures.
Among the infectious complications of organ transplantation, none is associated with a greater impact on morbidity and mortality than invasive fungal infections (IFI)
[1–5]. Fungal infections in organ transplant recipients
(OTRs) vary in frequency, etiology, and pathogenesis
according to the type of organ transplant procedure.
Variations in immunosuppressive regimens, surgical technique, infection control, and exposure history further
complicate evaluation of these patients. Moreover, the
incidence of IFIs among this group of patients varies considerably from center to center [6].
The clinician is faced with a number of diagnostic and
therapeutic challenges in approaching a transplant recipient
who has a possible IFI. First, there is a lack of sensitive and
speciﬁc diagnostic assays that might lead to early intervention. Second, antifungal therapy is frequently associated
with dose-limiting toxicity. Third, signiﬁcant potential for
drug–drug interactions exists between existing antifungal
agents and immunosuppressive agents. Fourth, only limited
data are available that facilitate early identiﬁcation of
patients who are at the highest risk for IFI within each
transplant group. This chapter describes risk factors for
developing IFIs among OTRs, reviews the speciﬁc fungal
pathogens, and discusses an approach to the diagnosis,
therapy, and prevention of these potentially devastating
infections.

Determining the “Net State
of Immunosuppression”
As advanced by Rubin [7] and Fishman [8], the concept of
“net state of immunosuppression” is a useful, albeit vague,
assessment of the overall risk of infection in the OTR.
Quantitation of this risk in a reliable and reproducible manner is difﬁcult. Assessing the net state of immunosuppression encompasses a number of host and environmental
factors, each of which can impact host defense (Table 1).
Included among these factors are dose, duration, and temporal sequence of speciﬁc immunosuppressive agents;
underlying immune deﬁciency such as autoimmune disease
and other functional immune deﬁcits; integrity of the mucocutaneous barrier; anatomic abnormalities, such as devitalized tissue and ﬂuid collections; neutropenia and
lymphopenia; underlying metabolic conditions, such as
renal insufﬁciency, malnutrition, diabetes mellitus, hepatic
failure; and infection with immunomodulating viruses such
as cytomegalovirus (CMV), Epstein-Barr virus (EBV),
hepatitis B and C viruses, human herpes virus (HHV-6),
and human immunodeﬁciency virus (HIV) [7, 8].
While this approach is a useful guide to the assessment
of risk for infection in OTRs, it does not take into account
speciﬁc risk factors related to different organ transplants
and/or to variations in surgical technique, intraoperative
time, and use of blood products. A gross estimate of overall
immunologic impairment can be made, but it does not provide a speciﬁc means by which the physician might more
accurately determine the risk of IFI.

Speciﬁc Factors Associated with Invasive
Fungal Infection in Organ Transplant
Recipients
P.G. Pappas ( )
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Birmingham School of Medicine, Birmingham, AL USA
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The development of IFI following solid organ transplantation is inﬂuenced by a number of different variables. These
include the type and timing of the organ transplant; the
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Table 1 Factors inﬂuencing the net state of immunosuppression in
solid organ transplant recipients (Adapted from [8])

Kidney

Immunosuppressive therapy
Dose and duration of individual agents
Recent rejection episodes
Use of antithymocyte globulin, total nodal irritation
Underlying immune disorders
Autoimmune disease
Antibody deﬁciency, complement deﬁciency, and other functional
immune defects
Integrity of mucocutaneous barrier
Devitalized tissue, undrained ﬂuid collections, hematomas
Neutropenia, lymphopenia
Metabolic conditions
Acute or chronic renal failure
Hepatic failure
Malnutrition
Diabetes mellitus
Alcoholism
Metabolic acidosis
Chronic viral infections
BK virus
Cytomegalovirus
Epstein-Barr virus
Hepatitis B and C viruses
Human herpesvirus 6
Human immunodeﬁciency virus types 1 and 2
Human T cell lymphotrophic virus type 1

Kidney transplantation is associated with the least risk of IFI.
The published cumulative incidence of IFI following renal
transplantation varies between 2% and 14% [10–12], but the
most recent data from the multicenter TRANSNET surveillance study suggests that the 12-month cumulative incidence
for IFI is 1.3% [6]. The most common fungi causing infection
in renal transplant recipients are Candida species, Aspergillus
species, and Cryptococcus neoformans [6, 10–12]. In
geographic regions in which Histoplasma capsulatum and
Coccidioides species are endemic, these organisms can also be
important pathogens in the posttransplant period [13–15]. The
TRANSNET study and sporadic reports support a signiﬁcant
role for infections due to Fusarium species and other hyalohyphomycetes, the zygomycetes, Trichosporon asahii and other
pathogenic yeasts, and the dematiaceous fungi [6, 16–19].
Candida infection may be mucocutaneous, urinary, or
deeply invasive. Factors predisposing to urinary tract infection include bladder catheterization, structural abnormalities
or disruption of urinary ﬂow, corticosteroids, and diabetes
mellitus. Asymptomatic urinary tract colonization with
Candida species is particularly common in renal transplant
recipients and can be associated with signiﬁcant consequences. Renal parenchymal disease may result from ascending infection from the bladder [20]. Rarely, urinary tract
colonization can be associated with the development of a
ureteral fungus ball, leading to obstruction of urinary ﬂow
and threatening allograft survival. Nosocomial candidemia
in renal transplant recipients is most commonly associated
with recognized risk factors, such as indwelling venous catheters, that are related to infection among nontransplanted
patients and can occasionally lead to secondary involvement
of the allograft from hematogenous spread [20].
Risk factors for the development of invasive aspergillosis
are less well established in renal transplant patients.
Underlying diabetes mellitus, cadaveric allograft, increased
corticosteroid usage, retransplantation, and recent CMV
infection have been associated with invasive aspergillosis
[21–23]. Involvement of the lungs or disseminated multiorgan disease is most common, but focal extrapulmonary disease, e.g., cerebral abscess [24, 25], endocarditis [26],
tuboovarian abscess [27, 28], and focal prostatic or ureteral
involvement, [29, 30], has been reported.
C. neoformans is the third most common invasive fungal
pathogen reported among renal transplant recipients, occurring in as many as 2% of patients [6, 31, 32]. Zygomycoses,
phaeohyphomycoses, and hyalohyphomycoses are much less
commonly reported. Risk factors for the development of
these infections are poorly deﬁned, but most occur beyond
4–6 months posttransplantation and are often associated with
chronic allograft rejection and intense immunosuppression
[1–6, 10].

speciﬁc immunosuppressive regimen, including the timing
and frequency of rejection episodes; donor-transmitted
infections; comorbid conditions and coinfections in the
recipient, especially viral infections; perioperative fungal
colonization; and other factors, including previous exposure
and recent epidemiology. Each of these variables is discussed
below.

Type of Solid Organ Transplant
The risk of IFI depends on the organ transplanted. Moreover,
distribution of causative organisms also varies with the type
of transplant [1–6, 8, 9]. Some risk factors, such as retransplantation, prolonged ICU stay with mechanical ventilation, requirement for surgical reexploration, primary graft
nonfunction, and active CMV infection, are common to all
OTRs. Other risk factors are speciﬁc to the type of transplant, and may relate to the type of anastomosis, differences
in intensity of immunosuppression, or other variables. The
distribution of infection by type and proportion of individual IFI according to the type of transplant for the
TRANSNET prospective surveillance study conducted
from 2001 to 2006 is demonstrated in Table 2 [6].

Fungal Infections in Solid Organ Transplant Recipients

513

Table 2 Percent of invasive fungal infection cases stratiﬁed by organism/group, according to transplant type in the surveillance cohort [6]
IFI type

Kidney

Liver
a

Candidiasis
164 (49)
255 (68)
Aspergillosis
47 (14)
42 (11)
Zygomycosis
8 (2)
9 (2)
Other moulds
10 (3.0)
9 (2.4)
Unspeciﬁed moulds
7 (2.1)
8 (2.1)
Cryptococcosis
49 (15)
24 (6)
Endemic mycoses
33 (10)
17 (5)
Pneumocystosis
5 (1)
0 (0)
Other yeast
6 (1.8)
9 (2.4)
Unspeciﬁed yeast
3 (0.9)
5 (1.3)
Total IFI cases
332
378
a
Number in parentheses represent percent of total for each organ type

Pancreas and Kidney–Pancreas
Invasive fungal infections among pancreas and kidney–
pancreas transplant recipients occur much more frequently
than among renal transplant recipients. Historically, the
cumulative incidence of IFIs in this group has ranged between
6% and 38% [1–5]; TRANSNET demonstrated a 4% incidence in this group [6]. Most of these infections are due to
Candida species [1, 6, 33, 34], with a much smaller proportion secondary to cryptococcosis, aspergillosis., and nonAspergillus moulds [6, 33, 35].
The increased risk of IFI in this group largely relates to
surgical and technical issues. Speciﬁcally, the type of surgical anastomosis can be associated with local complications
and Candida superinfection [34–37]. Bladder-drained pancreas transplants are associated with a much higher incidence
of urinary tract infections due to all causes, but especially
due to Candida species. In contrast, enterically drained pancreatic transplants are much more likely to develop enteric
leaks leading to polymicrobial intraabdominal infections in
which Candida is an important pathogen [37]. Some experts
disagree as to which of these two anastomotic and drainage
procedures leads to fewer postoperative fungal infections, as
the published data vary according to center. As with other
OTRs, the risk of IFI is signiﬁcantly greater among patients
with recent CMV infection, graft rejection or failure, surgical reoperation, higher dose immunosuppression (especially
corticosteroids), and bacterial coinfection.

Liver
The risk of IFI among liver transplant recipients has traditionally been very high, with a cumulative incidence of up to 42%
[38]. The incidence of IFI has declined in recent years [5, 9],
and the TRANSNET study demonstrated a 12-month incidence of only 4.7% [6]. Improvements in surgical technique,
immunosuppressive regimens, and improved patient selection have contributed to this decrease. The majority of IFIs in

Pancreas

Lung

Heart

Sm. bowel

97 (76)
6 (5)
0 (0)
4 (3.1)
0 (0)
6 (5)
8 (6)
1 (1)
5 (3.9)
1 (0.8)
128

56 (23)
109 (44)
8 (3)
49 (19.8)
7 (2.8)
6 (2)
3 (1)
4 (2)
0 (0)
6 (2.4)
248

48 (49)
23 (23)
3 (3)
7 (7.1)
2 (2.0)
10 (10)
3 (3)
3 (3)
0 (0)
0 (0)
99

19 (85)
0 (0)
0 (0)
0 (0)
0 (0)
1 (5)
0 (0)
0 (0)
1 (4.6)
1 (4.6)
22

liver transplant recipients are caused by Candida species with
the peak incidence in the ﬁrst month posttransplant [5, 6].
Aspergillosis, cryptococcosis, and mucormycosis also are
commonly recognized in this population [12, 39–46].
Risk factors for the development of IFI have been best
deﬁned in the liver transplant population. In the study by
Collins and colleagues, several important and independent
variables were related to increased risk of fungal infection in
the posttransplant period [47]. These included baseline creatinine >3 mg/dL, operative time >11 h, retransplantation, active
CMV infection, and an intraoperative requirement of >40 units
of blood products. The risk of fungal infection was 1% without
any risk factor, compared to 67% among patients with two or
more of these risk factors [47]. In addition, choledochojejunostomy anastomosis and early colonization with a fungal pathogen were strongly associated with the development of IFI in
this study. Others have identiﬁed similar trends among liver
transplant recipients and have consistently related prolonged
intraoperative time, requirement for a large number of blood
products, CMV infection, and choledochojejunostomy anastomosis to an increased risk of developing IFI [48, 49].

Heart
There is a modest risk of IFI following heart transplantation.
The reported rate of occurrence ranges from 4% to 35% [50,
51], although recent reports consistently demonstrate an
overall rate <10% [52]. TRANSNET observed an incidence
of 3.4% [6]. Candida species account for at least two-thirds
of the fungal infections; invasive aspergillosis is somewhat
more common in heart compared to liver and kidney transplant recipients for reasons probably related to the increased
intensity of immunosuppression [52].
Invasive Candida infections among heart transplant recipients are usually limited to candidemia and its complications.
In addition, preexisting colonization with Candida species of
ventricular assist devices is an established risk factor for the
subsequent development of invasive Candida infection
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[53, 54]. Mediastinitis due to Candida is an uncommon
postoperative complication. Active CMV infection, the use
of antilymphocyte antibodies, and treatment for rejection are
the most common risk factors associated with IFI in heart
transplant recipients.

Lung and Heart-Lung
In most recent studies, the incidence of IFI in lung and heartlung transplant recipients is among the highest of all OTRs
[55–57]. The cumulative incidence among this group of
transplant recipients from smaller studies ranged between
10% and 36%; the TRANSNET data demonstrated a
12-month incidence of 8.6% [6]. Aspergillus species have
emerged as dominant pathogens in this population [55–59].
In the TRANSNET study, invasive aspergillosis accounted
for 44% of IFIs among lung and heart-lung recipients [6].
Invasive aspergillosis occurs in between 3.3% and 16% of
lung and heart-lung recipients in different studies [55–61].
The enhanced risk of developing invasive aspergillosis
among lung transplant recipients probably relates to several
factors: prior airway colonization with Aspergillus species
[60]; CMV infection [61]; environmental exposure through
routine daily activities; and hypogammoglobulinemia [62].
Smoking substances such as marijuana is an additional risk
[63]. Furthermore, patients with single lung transplants
appear to have a greater risk of invasive aspergillosis than
double lung transplants, a risk that is likely due to colonization with Aspergillus species in the remaining native lung
[59]. Interestingly, preexisting Aspergillus species and
Scedosporium colonization among patients with cystic ﬁbrosis is not associated with a signiﬁcantly increased risk of IFI
due to these organisms posttransplantation [64, 65]. In fact,
among all lung transplant recipients, those with cystic ﬁbrosis appear to be at somewhat less risk of invasive mould disease than other lung transplant recipients.
Candida infections complicating lung transplantation
include candidemia, mycotic aneurysm involving the vascular anastomoses, mediastinal wound infection, and necrotizing bronchitis at the tracheal anastomotic site [51, 66–68].
Pneumocystis jiroveci pneumonia (PCP) can occur in all
OTRs, but appears to be most common in lung and heart
recipients [69]. P. jiroveci pneumonia has become uncommon owing to the widespread use of trimethoprim/sulfamethoxazole (TMP/SMX) prophylaxis.

Small Bowel
The highest risk of IFI following organ transplantation occurs
among small bowel recipients, with an incidence ranging
from a low of 11.6% in TRANSNET [6], to as high as 59%
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[70, 71]. In addition to risk factors common to other OTRs,
intraoperative complications include small bowel anastomotic
leaks as a unique risk factor associated with this type of transplantation. Not surprisingly, Candida species constitute the
majority of fungal pathogens in small bowel transplant recipients, with Aspergillus and other moulds playing less of a role.
Prospective data among small bowel transplant patients are
limited given the relative rarity of this transplant procedure,
which has largely been limited to children with congenital
small bowel disorders and highly selected adult patients.

Timing of Invasive Fungal Infection Following
Organ Transplantation
In spite of differences in frequency and distribution of pathogens among the various transplant groups, the timing of these
infections following organ transplantation is similar. As
such, the posttransplant period can be generally divided into
three intervals when assessing the risk and type of IFI: 0–1
month, 1–6 months, and beyond 6 months posttransplant.
Understanding the temporal relatedness of the posttransplant
interval to the risk and type of IFI can be very useful to the
clinician in formulating a diagnosis and guiding empiric
therapy. It also highlights the differences in pathogenesis for
IFI during these intervals [1, 6, 8, 9].
Infections in the ﬁrst month posttransplant are dominated by
Candida species and are usually related to technical and surgical issues in addition to traditional nosocomial risk factors.
Thus, anastomotic leaks, early graft failure, reoperation, central
venous catheter–associated fungemia, and catheter-associated
urinary tract infections are common. In one study among liver
transplant recipients, over 50% of IFIs occurred within the ﬁrst
10 days posttransplant, almost all of them caused by Candida
species [47]. In the absence of early graft failure, retransplantation, signiﬁcant pretransplant immunosuppression, or other
mitigating circumstances, mould infections, especially those
due to Aspergillus species, are uncommon during this period.
Donor-related infections, especially those due to Candida species and Aspergillus species, often present during this ﬁrst
interval, 0–1 months posttransplantation.
During the second interval, 1–6 months posttransplantation, the effects of intense immunosuppression become
manifest as the impact of nosocomial and surgical-related
infections diminish. This second phase is dominated by
mould infections, especially aspergillosis, zygomycosis,
scedosporiosis, and less common mould diseases. P.
jiroveci pneumonia is also common during this period
among patients not receiving TMP/SMX prophylaxis. The
peak incidence of aspergillosis is between 1 and 4 months
posttransplantation, but there continues to be small risk of
invasive aspergillosis throughout the posttransplant period
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[5, 6, 8, 22]. The development of IFI during this time interval often follows evidence of active disease with an immunomodulating virus, such as CMV, HHV-6, EBV, hepatitis
B, or hepatitis C.
The interval beyond 6 months posttransplantation is generally considered to be the period during which IFI is least
likely to occur. Nonetheless, especially among patients with
chronic rejection, graft dysfunction, late CMV infection, and
other transplant-associated viral infections, IFI do occur. The
late posttransplant period is dominated by fungal infections
due to C. neoformans, regionally endemic mycoses, and
some of the more unusual pathogens, including the dematiaceous fungi [6, 19, 31, 72–74]. However, mould infections
due to Aspergillus species and the agents of zygomycoses
may occur at any time in the posttransplant period [6, 75].

Immunosuppressive Regimen
The most important factor affecting the risk of IFI after the
ﬁrst month of transplantation is the intensity and duration of
immunosuppressive agents that prevent organ rejection.
Immunosuppression is initiated at high levels in the immediate posttransplant period when the risk of graft rejection is
greatest. Most OTRs currently receive either a cyclosporineor tacrolimus-based immunosuppressive regimen, usually in
combination with mycophenylate mofetil. A growing number of patients receive antithymocyte globulin (ATG), alemtuzumab, basiliximab, daclizumab, or other monoclonal
antibodies in the immediate posttransplant period to decrease
the risk of rejection and minimize the need for glucocorticosteroids [76]. Reduction in overall glucocorticosteroid exposure has signiﬁcantly decreased the overall incidence of IFI
among OTRs. In an uncomplicated posttransplant setting,
these regimens are continued at higher doses in the early
posttransplant period, and are gradually tapered to a chronic
maintenance regimen within 6 months in the absence of signiﬁcant rejection. Undoubtedly the approach to immunotherapy in OTRs will continue to evolve as safer and more
effective agents are developed.
Cyclosporine and tacrolimus have not demonstrated any
clear difference with respect to incidence of IFI [77].
Similarly, studies among renal transplant recipients comparing regimens utilizing mycophenolate mofetil or azathioprine have not demonstrated any signiﬁcant difference in rate
of IFIs [78]. Moreover, recent data suggest that use of the
calcineurin inhibitors (cyclosporine and tacrolimus) has led
to decreased rates and severity of IFI because of their modest
in vitro antifungal activity [79]. Thus, the recent reduction in
IFIs associated with the calcineurin inhibitors may not only
relate to a glucocorticosteroid-sparing effect, but also to
modest antifungal activity.

The timing and frequency of rejection episodes as they
relate to intensiﬁcation of immunosuppressive regimens are
also important factors associated with IFIs in OTRs. Pulsedose glucocorticosteroids are commonly administered in this
setting, usually coupled with an overall intensiﬁcation of
immunosuppressive therapy. In addition, speciﬁc antilymphocyte therapy with ATG or monoclonal antibodies is often
administered in this setting. These interventions are associated with higher rates of CMV reactivation, which leads to
an increased risk of IFI [76].

Donor-Related Fungal Infections
The vast majority of donor-related transplant infections are
viral in origin. Well-documented donor-related infections are
CMV, EBV, hepatitis B, hepatitis C, and HIV. Donor-related
fungal infections are much less common; often the source of
the pathogen is suspected to be the donor, but convincing
proof is lacking. Nonetheless, several well-documented cases
of donor-transmitted fungal infections have been described,
including cases of histoplasmosis [80, 81], coccidioidomycosis [82–84], cryptococcosis [68], candidiasis [85, 86], and
aspergillosis [87]. A recent French study found that graft site
candidiasis could be traced to donor transmission, and
occurred in 1 per 1,000 renal transplant recipients [86].
Among donors from endemic areas for histoplasmosis
and coccidioidomycosis, a suspicion for latent disease must
be maintained. Donor transmission of these two pathogens,
H. capsulatum and C. immitis, is uncommon, and it remains
difﬁcult to accurately discern the source of these pathogens
with certainty. Donor-derived Aspergillus infection among
lung transplant recipients, while theoretically common
because of frequent airway colonization, is rarely demonstrated [87]. Similarly, donor-derived cryptococcosis is infrequently recognized.

Comorbid Illnesses
Underlying diseases in the host contribute to the “net state of
immunosuppression,” and no doubt inﬂuence the risk of IFI.
Factors that have most commonly been associated with an
increased risk include renal dysfunction and the need for
peritoneal or hemodialysis, diabetes mellitus, neutropenia,
malnutrition, mechanical ventilation, admission to an intensive care unit, and chronic immunosuppressive therapy pretransplant [7, 8]. The degree to which these factors
individually inﬂuence risk is uncertain.
Several viral infections increase the risk of IFI in the
transplant recipient. CMV is the most commonly recognized
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immunomodulating viral infection in this population. Ample
evidence from large retrospective studies relate active CMV
disease to increased risk of fungal infection in OTRs [47, 48,
61]. Additional data suggest that active hepatitis B and C,
HHV-6, and HIV infection are important risk factors for
posttransplantation IFI [8].

Speciﬁc Fungal Pathogens
Candida Species
Candida species are the commonest invasive fungal pathogens among OTRs. Virtually all of the more common
Candida species, particularly C. albicans, C. glabrata,
C. tropicalis, C. parapsilosis, C. krusei, C. lusitaniae, and
C. guilliermondii, have been reported in this population.
Candida albicans is the commonest species, followed by
Candida glabrata, C. tropicalis, and C. parapsilosis [6]. In
contrast to hematopoietic stem cell transplant recipients,
Candida krusei is an uncommon pathogen in OTRs [6, 41,
66]. Reﬂecting a similar trend among nontransplant hospitalized patients, the broad use of prophylactic and empiric antifungal therapy, particularly with the azoles, has probably
played an important role in the emergence of non-albicans
Candida species in this population. Factors leading to candidemia are similar among OTRs and nontransplant patients,
but the rate of complicated infection as evidenced by disseminated disease appears to be greater among OTRs than among
nontransplanted patients [41]. Candidemia is the most common manifestation of invasive candidiasis in the transplant
population, accounting for at least 60% of all episodes [6].
Intraabdominal infections secondary to Candida infections
are signiﬁcantly more common among liver, pancreas, and
small bowel transplant recipients compared to other OTRs.
These patients undergo disruption of the normal anatomy of
the small bowel, common bile duct, and/or pancreatic duct
with the potential for intraabdominal anastomotic leakage.
Intraabdominal infectious complications frequently occur
within the ﬁrst month posttransplant and are often polymicrobial. Sternal wound infections among heart and heart-lung
transplants due to Candida species have been reported, and
can be associated with signiﬁcant morbidity and mortality
[67]. Among lung transplants, bronchial anastomotic infections secondary to Candida species have been reported [68].
Urinary tract infections due to Candida are common
among OTRs owing to the need for bladder catheterization
during the period of hospitalization, particularly in the immediate postoperative period. Candiduria can be a harbinger of
complicated upper tract disease, but in a large prospective
study of candiduria in renal transplant recipients, patients
who received treatment with ﬂuconazole did not have better
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outcomes than those who were not treated [88]. An unusual
complication of Candida urinary tract infection in OTRs is
the development of a ureteral fungus ball due to Candida
species [89]. This complication is most often seen in renal
transplant recipients, but it is also seen in other OTRs, and
may clinically mimic fungus ball due to less common urinary pathogens such as Aspergillus species
A rare but important syndrome due to Candida species
relates to vascular anastomotic infections. True “mycotic”
aneurysms occurring at the site of the vascular anastomosis
due to Candida species have been reported among pancreatic
[90], renal [86, 91], and heart-lung transplant recipients [92].
Among renal transplant recipients this manifestation has
been associated with donor origin of the organism [86].
These represent a very signiﬁcant and highly lethal postoperative complication. Less common complications of
Candida infection include septic arthritis, chronic meningitis, endocarditis, and rarely, pneumonia [93, 94].

Aspergillus
Invasive aspergillosis is reported among all transplant groups;
however, lung transplant recipients seem to be particularly
predisposed to infections with Aspergillus species. As many
as 10% of lung transplant recipients will develop signiﬁcant
infection with Aspergillus and another 10% will develop
Aspergillus colonization posttransplantation [21, 22]. Among
non-lung OTRs, the overall risk of invasive aspergillosis is substantially less [6]. Aspergillus fumigatus is the most common
causative species; however, infections due to A. ﬂavus, A. niger,
A. terreus, A. nidulans, A. glaucus, A. ustus, A. versicolor, and
other less common species have been reported. Moreover,
multiple species may be isolated from the same patient.
Newer molecular techniques have provided the means of
identifying several less common Aspergillus species, including A.lentulus, A. calidoustus, and A. tubingensis [95].
Aspergillus spores are ubiquitous in the environment, and
infection usually begins as a result of inhalation, resulting in
lower respiratory tract colonization. Disease may be conﬁned to the lungs or may disseminate to virtually any organ,
most commonly the skin, central nervous system, heart, and
the endocrine glands, especially the thyroid. Disseminated
disease is associated with a mortality rate of greater than
80% [96, 97]. Ulcerative tracheobronchitis due to Aspergillus
is a well-described syndrome among lung transplant recipients that is characterized by superﬁcial invasion of the
tracheobronchial tree, typically at the site of an anastomosis,
but it may occur anywhere within the proximal airway [98].
The disease has been reported among other transplant groups
[99], but is distinctly uncommon outside of lung transplant
recipients. Patients with this ulcerative tracheobronchitis
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may be asymptomatic or minimally symptomatic with
chronic nonproductive cough. Bronchoscopy reveals single
or multiple ulcerative lesions at the anastomotic site.
Aspergillus species frequently colonize the upper airways,
making it difﬁcult to distinguish between invasive disease
and asymptomatic colonization. However, the detection of
signiﬁcant Aspergillus colonization in the upper airways is
strongly predictive of invasive disease in most OTRs with a
positive predictive value of at least 60% [60, 100–102].
Recently, the measurement of Aspergillus galactomannan by
EIA in bronchoalveolar lavage ﬂuid has proven to be a sensitive indicator of pulmonary invasive aspergillosis and should
become an important component of the evaluation of patients
with suspected disease [103].
Other manifestations of invasive aspergillosis in OTRs
include sinusitis, thoracic empyema, and angioinvasion at
virtually any site. Aspergillus has been reported as a cause of
urinary tract fungus ball and prostatic abscess in renal and
liver transplant recipients [28, 29]. Invasive aspergillosis
may occur several years following transplantation, especially
among patients undergoing intensiﬁcation of immunosuppressive therapy or receiving higher-dose corticosteroids for
allograft rejection [6, 22, 75]. Additional risk factors for
invasive aspergillosis include CMV infection, renal failure,
and early graft failure [22, 61].
The source of Aspergillus infection can be difﬁcult to discern. Recent studies have suggested that nosocomial transmission occurs, although the frequency of this event is
unclear [104]. Also, the recipients may serve as their own
reservoirs for Aspergillus, especially those with single lung
transplants [59]. Community-acquired infection occurs, but
its relative importance compared to nosocomial acquisition
and donor transmission remains unknown [87].

occurs in OTRs. The central nervous system (CNS) is the
most common extrapulmonary site of cryptococcal disease
in OTRs, followed by involvement of the skin and subcutaneous tissue, bones, and prostate. Necrotizing cellulitis is a
common cutaneous manifestation in this population, and
must be distinguished from cellulitis due to common bacterial and mycobacterial pathogens [108–110]. Based on data
from TRANSNET and other studies, there seems to be little
predilection for the type of organ transplant and the development of cryptococcosis [6]. Cryptococcemia is especially
common in this group and is generally associated with a
worse clinical outcome [111].
Recent experience among OTRs with cryptococcosis suggest that outcomes are at least as good as outcomes among
patients who are otherwise normal hosts [45, 111]. This paradox is not well understood, but could relate to the intensity
of patient follow-up after organ transplantation and the ability to make a diagnosis earlier in the course of infection.
Corticosteroids may have an ameliorating effect early in the
course of cryptococcosis, particularly when the CNS is
involved. The calcineurin inhibitors, especially tacrolimus,
possess not only modest in vitro antifungal activity, but also
excellent CNS penetration, and may have a beneﬁcial effect
on the natural history and severity of CNS cryptococcosis in
OTRs [79, 112]. Investigators also suggest that a relative
increase in cutaneous expression of disease may be the result
of poor antifungal activity of tacrolimus at lower temperatures found in cutaneous tissue [31].
Transplant-related immune reconstitution inﬂammatory
syndrome (IRIS) has been best described among patients
with cryptococcosis and relates to the rapid withdrawal of
immunosuppressive therapy from patients with active infection. The clinical manifestation of IRIS is a paradoxical
worsening of disease, relating to the rapid conversion from a
TH2 to a TH1 host immunologic response [113–116].

Cryptococcus
Cryptococcus is overall the third most common IFI in OTRs,
and usually occurs relatively late in the posttransplant period
[31]. In the TRANSNET study, the median time to development of cryptococcosis was 575 days posttransplantation [6].
Disease is usually due to C. neoformans, although disease
due to C. gattii, C. albidus, and C. laurentii is reported.
Manifestations of cryptococcal disease are similar among
OTRs and HIV-infected individuals. Primary infection usually occurs following inhalation [105] although there are
sporadic reports of direct primary cutaneous disease possibly
resulting from direct inoculation [106, 107]. Most patients
present with nonspeciﬁc respiratory symptoms, unexplained
fever, or an asymptomatic nodule on chest roentgenogram.
Asymptomatic infection with C. neoformans is common;
thus, it is unclear how often extrapulmonary dissemination

Mucorales (Zygomycetes)
Mucormycosis or zygomycosis, has been reported in all OTRs.
Disease has been reported due to several genera, most commonly Rhizopus species, Mucor species, Cunninghamella
bertholletiae, and Absidia species. Risk factors for invasive
disease include neutropenia, ketoacidosis, renal failure, and
treatment of chronic rejection, especially with higher-dose
steroids.
Clinical disease often involves the paranasal sinuses, leading to destructive lesions and CNS involvement by direct
extension. The lungs are also a commonly involved site,
although virtually any organ can be involved [42–44, 49,
117–119]. Multiple organ involvement consistent with
hematogenous dissemination is reported, but is less common
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than that due to invasive aspergillosis, even though the
pathogenesis of both disorders involves angioinvasion.
Conidiobolus coronatus, an organism infecting patients
living in tropical areas, has been reported as a cause of
disseminated disease in a renal transplant recipient [120].
The typical clinical ﬁnding associated with mucormycosis is a necrotizing, locally invasive process. Necrotizing
wound infections have been described [119], as has infection
of a renal allograft [17]. In addition, localized gastrointestinal mucormycosis, characterized by giant gastric and/or
colonic ulcers, has been reported [121–123].

Phaeohyphomycoses
The agents of phaeohyphomycosis consist of over 100 pigmented moulds (dematiaceous fungi), and a growing number
of these species have been reported to cause disease among
OTRs [19, 74]. The clinical spectrum of these infections
includes invasive sinusitis, pneumonia, endophthalmitis, skin
and musculoskeletal involvement, CNS disease, gastrointestinal involvement, and disseminated disease. Infections due
to Exophiala species, Dactylaria constricta, Alternaria species, Bipolaris spicifera, Curvularia spp., Cladophialophora
bantiana, Colletotrichum crassipes, Phaeocremonium parasiticum, and Fonsecaea pedrosoi have been reported [124–131].
In one review of disseminated phaeohyphomycosis in OTRs,
only 16% of patients survived, even with therapy [19]. In
another review, Singh and colleagues noted that cutaneous
and synovial involvement was usually caused by Exophiala
species, whereas systemic infections, including CNS involvement, were caused by less common organisms, such as
Ochroconis gallopavum and Cladophialophora bantiana
[74]. Phaeohyphomycosis is usually late-occurring, and speciﬁc risk factors for development have not been clearly
delineated.

Endemic Fungi
Infections due to C. immitis and H. capsulatum are not
uncommon among OTRs who have lived in endemic areas.
The true incidence of these infections is unknown, but estimates range between 0.2% and 6% [72, 73, 132–139].
Endemic fungal infections tend to occur late in the posttransplantation period, with a median time of greater than 1
year posttransplant. In the TRANSNET cohort, infections
with the endemic fungi occurred a median of 343 days following transplantation [6]. Transmission from the donor
organ has been documented in several of these cases [81–83,
138], but a history of prior infection without evidence of
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active disease should not exclude potential donors or
recipients. Nonetheless, the potential for donor-related transmission with these organisms remains a concern in endemic
areas. Several recent reports clearly document donor-related
H. capsulatum and C. immitis transmission to recipients
residing in nonendemic areas for these organisms, underscoring the need to consider the donor as a potential source
of infection in patients with undifferentiated fever [81–83].
Histoplasmosis is the most commonly reported endemic
mycosis among OTRs. Most reports have involved renal
transplant recipients, although disease has been described in
liver, heart, and lung recipients [135–141]. Histoplasmosis in
OTRs usually presents as disseminated disease, although
focal involvement of the CNS, skin, renal papilla, and gastrointestinal tract has been described. In addition, cecal and
ileal perforation associated with gastrointestinal histoplasmosis has been described.
Coccidioidomycosis following organ transplantation has
been reported in up to 6% of OTRs living in the endemic
desert areas in the southwestern USA [142]. Disease is due
to either recent environmental exposure or to reactivation of
a latent infection; there is less documentation of donorrelated transmission. Clinical features of coccidioidomycosis in this population vary from pneumonia to disseminated
disease involving skin, musculoskeletal structures, and the
CNS [15, 132–134]. The majority of cases of posttransplant
coccidioidomycosis have been reported among renal, heart,
and liver transplant recipients.
Blastomycosis is distinctly uncommon among OTRs,
even among patients residing in endemic areas [143–145].
There has been no evidence to suggest donor-related transmission of B. dermatitidis to date. Disease manifestations in
this group tend to parallel those of the normal host; however,
disseminated disease, including involvement of the CNS, is
more commonly observed in OTRs. Overall, the mortality
rate among OTRs and other immunocompromised hosts with
blastomycosis has been signiﬁcantly higher than among
otherwise normal patients [145].
Sporotrichosis due to Sporothrix schenckii and S. cyanensis
has been reported sporadically among OTRs [146]. There is
no evidence to suggest donor-transmitted infections, and
most cases have been reported in conjunction with recognized environmental exposure. Disease has been limited to
the skin and subcutaneous tissue in most cases, although pulmonary and disseminated disease has been reported [147].

Other Fungi
Disease due to other pathogenic yeasts and moulds has been
reported sporadically among OTRs. Fusariosis due to F. solani,
F. oxysporum, F. moniliforme, and F. sacchari has been
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reported [16, 148, 149]. Infection due to Fusarium species is
often associated with prolonged periods of neutropenia,
although fusariosis can present among OTRs without neutropenia. Patients with fusariosis are frequently fungemic [150].
Localized infection involving the sinuses, lungs, skin, and soft
tissue, as well as disseminated disease, are reported. Another
ubiquitous hyalohyphomycete, Paecilomyces lilacinus, is a
cause of cutaneous and sinus disease in OTRs [151–153].
Trichosporonosis due to T. asahii, a pathogenic yeast
often associated with intravenous catheter-related infections,
may cause disseminated disease in OTRs. In addition, funguria due to T. asahii has been reported among OTRs [18].
Fatal fungemia due to Trichoderma harzianum has also been
observed [154].

Pneumocystis jiroveci
Infection due to Pneumocystis jiroveci is reported in all organ
transplant recipients, although it is most commonly reported
among lung and heart-lung transplant recipients [69]. The
incidence of Pneumocystis pneumonia (PCP) is greatest
within the ﬁrst year after transplantation. Gordon and colleagues suggested an eight-fold higher incidence of PCP in
the ﬁrst year following transplant compared to the combined
incidence in all subsequent years among OTRs at one institution [155].
For patients with PCP associated with transplantation,
recent receipt of antithymocyte globulin, CMV infection,
and therapy for organ rejection are considered important risk
factors [69]. Extrapulmonary disease similar to that seen
among patients with AIDS can occur. Antimicrobial prophylaxis with trimethoprim/sulfamethoxazole or sulfadoxine/
pyrimethamine in the ﬁrst 6–12 months posttransplantation
is highly effective in preventing PCP [156]; dapsone, atovaquone, and inhaled pentamidine are reasonable alternatives
to these agents.

Approach to Diagnosis
A diagnosis of IFI in OTRs is frequently challenging, relating in part to the relative paucity and nonspeciﬁcity of the
signs and symptoms associated with IFI in immunocompromised patients in general and in OTRs, speciﬁcally. Thus, a
high index of suspicion and an aggressive approach to diagnosis is warranted in clinically compatible situations. The
recently revised EORTC/MSG criteria for the diagnosis of
IFI [157] are based on the following criteria: (1) the isolation
of a pathogenic organism from a properly obtained clinical
specimen, associated with clinical or radiographic evidence
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of disease, (2) the demonstration of fungal organisms in
cytologic or histopathologic studies, or (3) serologic detection of a speciﬁc antibody or fungal antigen from blood,
serum, urine, cerebrospinal ﬂuid, or bronchoalveolar lavage
(BAL) ﬂuid. These deﬁnitions are categorized as proven,
probable, or possible based on the strength of the host, clinical, radiographic, and microbiologic criteria.
Culture of certain fungi from any site virtually always
suggests disease, even in the absence of clinical signs and
symptoms. Examples include H. capsulatum, C. immitis, B.
dermatitidis, S. schenckii, and P. brasiliensis. Isolation of C.
neoformans from specimens other than sputum is always
indicative of invasive disease. In rare circumstances, isolation of C. neoformans from the sputum can represent colonization only, but the recovery of this organism from respiratory
secretions in an OTR must always be accompanied by an
aggressive diagnostic approach, including chest CT scan
and/or bronchoscopy, directed at evaluating the possibility of
parenchymal lung disease.
Isolation of Candida species from the blood, regardless of
whether it was obtained from a peripheral site or an intravascular catheter, should always be considered a true infection,
even in the absence of clinical signs and symptoms. Isolates
of Candida from other normally sterile sources should similarly be regarded as indicative of invasive disease. Candida
species isolated from drains, urinary catheters, sputum, and
other nonsterile sites often represent colonization only, and
must be interpreted in the clinical context of the individual
patient. The main value of isolation of Candida from a nonsterile site is to help predict the future development of invasive candidiasis and guide empiric therapy in patients who
are perceived to be at high risk.
Isolation of Aspergillus species from blood cultures is
rare. By comparison, Fusarium species, Scedosporium species, P. lilacinus, and other rare moulds are frequently isolated from blood cultures among patients with disseminated
disease. The isolation of a mould from other clinical specimens such as sputum, BAL ﬂuid, or tissue biopsy are best
interpreted with clinical, radiographic, and histopathologic
correlation [57, 60, 100, 102].
Direct visualization of an organism on a histopathologic
specimen is an indispensable means of establishing tissue
invasion. The demonstration on biopsy of fungal elements
invading tissue often distinguishes a proven from a possible
or probable case of invasive mould disease in an immunocompromised patient. Special stains such as Gomori’s methanamine silver, periodic acid–Schiff, and Fontana-Masson
can help to demonstrate fungal organisms in tissue.
Several serologic tests have been used successfully in the
early detection of fungal infections. Among the approved
tests, detection of cryptococcal antigen in serum or cerebrospinal ﬂuid remains the most reliable of these serologic
assays, maintaining a high sensitivity and speciﬁcity.

520

The measurement of Histoplasma antigen in serum and urine
has also been extremely useful in the diagnosis of histoplasmosis in immunocompromised patients. The urine
Histoplasma antigen assay has a sensitivity of at least 90%
among immunocompromised patients with disseminated
disease. In addition, among AIDS patients with disseminated
histoplasmosis, serial urine Histoplasma antigens have been
utilized to follow response to therapy and to predict relapse.
Among the other endemic fungi, reliable serologic testing is
available for C. immitis. The detection of antibodies to
Coccidioides is a sensitive and speciﬁc marker of
coccidioidomycosis.
Serologic assays for detecting early evidence of invasive
candidiasis and invasive aspergillosis are available [158, 159].
The serum 1–3 beta-d-glucan is approved as an adjunctive
assay for the diagnosis of invasive candidiasis. The test is
approved but not widely utilized due to cost and technical factors. The Aspergillus galactomannan EIA is approved for use in
serum and BAL, but has proven to be less useful in OTRs than
in patients with hematologic malignancies and in stem cell
transplant recipients. Nonetheless, this assay is an important
step forward in the earlier diagnosis of invasive aspergillosis.

Prophylactic Antifungal Therapy
Antifungal prophylaxis is widely practiced but inadequately
studied in liver, pancreas, lung, and heart-lung transplant
recipients. With the exception of liver transplant recipients,
there are limited studies of targeted prophylaxis in OTRs.
The largest study to date compared ﬂuconazole 400 mg daily
to placebo given for the ﬁrst 70 days posttransplant among
212 liver transplant recipients in a randomized, double-blind
study. In this study, 6% versus 23% of ﬂuconazole and placebo recipients, respectively, developed IFI, but neither regimen demonstrated reduced mortality rates [160]. In a small,
randomized, double-blind study of 86 liver transplant
patients, 0% versus 16% (p, 0.01) of recipients of a lipid formulation of amphotericin B versus placebo, respectively,
developed an IFI in the ﬁrst month posttransplant [161].
In an observational study of 200 low-risk liver transplant
recipients who did not receive antifungal prophylaxis, the
incidence of IFI was 3.6% during the ﬁrst 100 days posttransplant, suggesting that antifungal prophylaxis in a lowrisk population is unnecessary [162]. A recently published
study comparing 71 high-risk liver transplant recipients who
received either ﬂuconazole (400 mg/day) or liposomal
amphotericin (2 mg/kg/day) as posttransplantation prophylaxis both given for 14 days, demonstrated a low incidence of
IFI and no differences between the two arms [163].
Some authors have advocated targeted prophylaxis and/or
preemptive therapy in selected clinical situations. These
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include early posttransplant pulmonary colonization with
Aspergillus species, the discovery that removed focal pulmonary nodules contain C. neoformans or H. capsulatum without evidence of extrapulmonary disease, and asymptomatic
candiduria in the renal transplant recipient [164].
Recent studies among lung transplant recipients have
examined the use of inhaled amphotericin B preparations for
primary prophylaxis of invasive fungal pneumonia and bronchitis. These uncontrolled studies demonstrate the safety of a
nebulized lipid agent and amphotericin B deoxycholate and
efﬁcacy in preventing IFI in the early postoperative period
[165, 166]. Aside from these studies, there are few data that
address the best approach to antifungal prophylaxis in OTRs.
As such, antifungal prophylaxis is largely practiced in a center-to-center approach based on local experience, epidemiology, and perceived risk of IFI.
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Fungal Infections Among Patients with AIDS
Olivier Lortholary and Bertrand Dupont

Fungal infections are the most frequent opportunistic diseases
occurring during the course of HIV infection. Those mycoses that are usually controlled by cellular immunity are most
commonly observed. However, in patients with AIDS, the
immune deﬁcit is complex and worsens with time in untreated
patients, allowing mycotic diseases to develop [1–3].
Pneumocystis jiroveci and Candida albicans, which are
responsible for mucosal candidiasis, and Cryptococcus neoformans, the most frequent cause of meningitis, are the three
major fungal pathogens in patients with AIDS [4, 5]. In
endemic areas, infections due to dimorphic fungi also
represent an important group. Histoplasma capsulatum,
Coccidioides species, and Penicillium marneffei are the most
important endemic pathogens. In some AIDS patients,
mycotic disease is often the consequence of reactivation
several years after a primary infection [6].
The time of occurrence of opportunistic fungal infections parallels the intensity of the immune deﬁcit. Fungal
infections can be the initial sign of HIV infection, are a
good marker of the severity of the immune deﬁcit, and have
prognostic value. Some fungal infections, such as oropharyngeal candidiasis, are relatively benign, but others, such
as cryptococcal meningitis and invasive aspergillosis, are
usually severe and have a poor prognosis. Since 1996 the
use of highly active antiretroviral therapy (HAART) has
markedly reduced the incidence and the severity of opportunistic fungal infections in patients living in countries
that can afford the high costs of HAART. Several helpful
reviews are devoted to fungal infections in patients with
AIDS [6–8].
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Candidiasis
Mucosal candidiasis is the most prevalent infection in HIVpositive patients, and nearly all AIDS patients will develop
some clinical manifestations of candidiasis during the course
of their illness [9]. Among Candida species, C. albicans is
almost exclusively responsible for clinical disease. Other
species such as Candida glabrata, Candida tropicalis,
Candida krusei, or Candida parapsilosis may be associated
with C. albicans in culture; however these non-albicans
species are often present in low number and their pathogenic
role is doubtful and rarely proven. Candida dubliniensis
may be mistaken for C. albicans; the former has been isolated from the oral cavity in patients suffering from recurrent episodes of infection [10]. Beside impairment of cellular
immunity and of Th1 and Th2 type responses, a lack of
integrity of host tissue and an alteration in equilibrium of
the oral ﬂora predispose to oropharyngeal candidiasis.
Antimicrobial drugs given for a bacterial or a parasitic
infection may represent an additional predisposing factor.
An increase in colonization precedes infection. HIV-positive
patients can be heavily colonized without clinical signs or
symptoms.

Oropharyngeal Candidiasis
Oropharyngeal candidiasis is the most common disease and
will occur in 90% of HIV-infected patients if they do not
receive HAART. The lower the CD4 cell count, the higher the
risk of developing thrush, although this disease can occur in
patients with CD4 counts of 200–400 cells/PL. Thrush, or
acute pseudomembranous candidiasis, is the most common
clinical form and is characterized by the presence of white
patches on an erythematous mucosa. Patches can become conﬂuent, with white pseudomembranes generally spread throughout the oral cavity, involving the dorsal and ventral parts of the
tongue, gums, cheeks, and hard and soft palate. The membranes are adherent to the underlying mucosa and can be
removed by scraping, revealing a raw erythematous base.
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Symptoms vary from patient to patient and may not be proportional to the intensity of the intraoral disease. Some patients
are symptomless, while others will complain of a furrowed
tongue, mouth pain, odynophagia, dysphagia, or burning
mouth. Mycologic examination of wet preparations of specimens obtained by scraping or swabbing shows numerous blastospores and pseudohyphae with few polymorphonuclear
leukocytes. Heavy growth of Candida species is obtained
when culture is performed.
Patients who develop thrush should be tested for HIV
infection. Presence of thrush allows classiﬁcation of the patient
as having symptomatic HIV disease. Other clinical forms of
oropharyngeal candidiasis include atrophic erythematous
candidiasis, which involves the tongue and/or palatal mucosa,
is less frequent than thrush, possibly underdiagnosed, and can
precede the appearance of typical thrush. Angular cheleitis is
generally associated with thrush present on the adjacent buccal
mucosa. A saburral tongue, also called “dirty tongue,” may be
difﬁcult to differentiate from thrush, and mycologic sampling
of the mouth is useless, as HIV-positive patients are often
heavily colonized with Candida, even in the absence of
disease. From a clinical viewpoint, thrush is rarely exclusively
found on the tongue. Hairy leukoplakia, due to EBV and often
associated with thrush, is characterized by white parallel
vertical striae localized to both sides of the tongue.
Treatment of the ﬁrst episode of oropharyngeal candidiasis should be with a topical antifungal agent that is formulated so as to allow prolonged contact with the affected
mucosa. Topical medications should be given 4–6 times a
day, administered apart from meals, held in the mouth for
several minutes, and continued for 2–3 weeks. Suitable topical drugs include amphotericin B, nystatin, or clotrimazole
troches. Numerous commercial formulations are available in
different countries as suspensions, powders, oral gels, and
tablets for chewing or sucking. In cases of relapsing or
chronic candidiasis, topical treatment is less likely to be
effective and may be refused by the patient. The treatment of
choice is oral ﬂuconazole, 100 mg daily for 7–14 days. The
oral solution of itraconazole, 100–200 mg daily, is an effective alternative. In patients with an inadequate response, the
daily dose of ﬂuconazole or itraconazole can be raised.
Chronic suppressive therapy with ﬂuconazole is effective in
the prevention of relapse, but emergence of azole resistance
is a concern [11].
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treated with a topical oral agent. Esophagitis may be latent
and discovered by an endoscopic examination performed for
a nonspeciﬁc gastric disturbance. The most suggestive symptom of esophageal candidiasis is odynophagia. Some patients
complain of nausea or vomiting and can have esophageal
bleeding. Patients can have fever and, occasionally, posterior
thoracic pain. Endoscopic examination of the esophagus
reveals characteristic conﬂuent white plaques adherent to the
erythematous mucosa and sometimes covering the entire
mucosal surface. A stratiﬁcation of severity can be established
based on extent of lesions, presence of ulcerations, and narrowing of the lumen. In a patient with oral thrush and retrosternal odynophagia, an endoscopic examination of the
esophagus is not mandatory to prove the diagnosis of esophageal candidiasis. A trial of a systemic antifungal agent can
be used as a diagnostic trial. However, if failure of systemic
antifungal therapy occurs, endoscopic examination is needed
to rule out azole resistance and other etiologies of ulcers,
such as herpes simplex virus, cytomegalovirus, atypical
mycobacterial infection, and idiopathic ulcers [12].
Systemic therapy is required to effectively treat esophageal
candidiasis. Oral ﬂuconazole 200–400 mg daily for 2–3 weeks
is the drug of choice [11]. Itraconazole, voriconazole, and
echinocandins are alternative therapies and are less toxic than
amphotericin B. In cases of failure due to resistance to ﬂuconazole, these therapies are usually effective [13, 14].

Other Candida Infections
Other forms of candidiasis in HIV-infected/AIDS patients are
less frequent. Laryngitis should be suspected in a patient with
thrush and hoarseness and is sometimes diagnosed during
bronchoscopy. Symptomatic vulvovaginitis is much less frequent than thrush, and anal and penile candidiasis are
uncommon. Candida intertrigo and paronychia are no more
frequent than in HIV-negative persons. Invasive candidiasis in
AIDS patients is rare. When candidemia does occur it is usually due to the presence of an infected intravenous catheter
[15]. Candidemia is treated with either an echinocandin or
ﬂuconazole according to the speciﬁc Candida species and
previous azole exposure [11, 16]. Anecdotal reports have
been published describing cholecystitis, prostatitis, and
osteoarticular infections due to Candida species in HIVinfected patients.

Esophageal Candidiasis
Refractory Mucosal Candidiasis
Esophageal candidiasis, typically observed in patients with
more advanced immunosuppression, classiﬁes the patient’s
condition as AIDS. Oral thrush is almost always present in
patients with esophagitis, but this may not be true in patients

Oropharyngeal candidiasis and esophagitis have a tendency
to recur in patients with a low CD4 count. Consequently,
these patients are often treated with protracted or repeated
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courses of systemic antifungal agents. Cases refractory to
ﬂuconazole were reported in up to 15% of patients with
advanced AIDS before the era of HAART. Low CD4 counts
d50/PL, frequent courses of azole therapy, and prolonged
treatment have been shown to predispose to clinical resistance
[17, 18]. Higher minimum inhibitory concentrations (MIC)
to ﬂuconazole correlate with clinical failure [19, 20]. Clinical
resistance has been reported in patients not previously
exposed to ﬂuconazole but who were sexual partners of
patients who were receiving this antifungal agent and
harboring Candida strains with a high MIC [21]. Molecular
biology studies indicate that a majority of patients carry the
same clone of Candida for many years [19]. Since the advent
of HAART there has been a marked decrease in all forms of
candidiasis in HIV-infected patients. Resistance of Candida
to antifungal drugs among AIDS patients appears to be less
common than in the 1990s.

Cryptococcosis
Cryptococcosis is caused by Cryptococcus neoformans var.
neoformans and Cryptococcus neoformans var. grubii.
Cryptococcus gattii has recently been given species status
and is infrequently described in HIV-infected patients. Both
varieties of C. neoformans are cosmopolitan and are found in
soil and bird droppings, whereas C. gatti is found mostly in
subtropical areas and the Paciﬁc Northwest. Most laboratories do not differentiate between the two varieties in AIDS
or non-AIDS patients [22], and the organism will be referred
to simply as C. neoformans in this section.
The prevalence of exposure to Cryptococcus is high,
with up to 80% of adults having been exposed, as evidenced
by serology. HIV infection represents the most prevalent
underlying disease in patients with cryptococcosis. Studies
from the western world revealed HIV infection in 29% of
patients; in 58% of these patients, cryptococcosis was an
AIDS-deﬁning illness [23]. The overall incidence of cryptococcosis has declined by 46% in France between 1997
and 2002 [23]. However, cryptococcosis is of increasing
concern in Africa and Southeast Asia. It is encountered in
15–20% of AIDS patients in Africa and Cambodia [24, 25].
It is estimated that there are now one million new cases of
cryptococcosis seen annually [26], and this disease has
become the leading cause of meningitis in the world and
the fourth most common cause of mortality related to infections. The male/female ratio is >2; this disease rarely afffects children who are HIV-infected.
The portal of entry is pulmonary following environmental
exposure. Pulmonary infection is mostly asymptomatic in
immunocompetent individuals [5]. When cellular immunodeﬁciency occurs, yeasts multiply and fungemia occurs with
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subsequent occurrence of central nervous system (CNS)
infection. A primary skin portal of entry has been described
rarely [27]. Polysaccharide antigen is shed during growth of
the organism, is associated with numerous immunomodulatory effects, and may be responsible for elevated cerebrospinal
ﬂuid (CSF) opening pressure without hydrocephalus. Cellular
immunodeﬁciency is pivotal in the occurrence of extrapulmonary cryptococcosis. The median CD4 cell count at the
time of diagnosis is 20/PL [28].

Clinical Manifestations
Meningoencephalitis is the classic presentation of
cryptococcosis and accounts for 90% of the cases in HIVinfected patients. Neurologic symptoms are most often subacute but can also be acute, in which case there is a worse
prognosis. Fever and headache are common, but meningeal
symptoms are not consistently noted. Cranial nerve palsies,
seizures, motor weakness, and obtundation can occur. Loss
of visual acuity usually is a consequence of increased intracranial pressure.
In all cases of cryptococcal meningitis occurring in patients
with AIDS, cerebral imaging, using CT or MRI scanning
when available, should be performed [29]. Imaging is normal
in 50% of cases; however, cortical atrophy, hydrocephalus,
and nodules can be found in the others. MRI is more sensitive
and can show T2 hyperintensity in the basal meninges and
dilation of Virchow-Robin spaces. When performing lumbar
puncture, measurement of CSF opening pressure is mandatory
as increased pressure is found in 30–50% of AIDS patients
with cryptococcal meningitis. The prognosis is highly
associated with the magnitude of the increased intracranial
pressure that is found.
Pneumonia is often symptomatic in AIDS patients,
causing cough and dyspnea and, less commonly, chest pain
and hemoptysis [30]. Other opportunistic pulmonary infections and extrapulmonary dissemination of C. neoformans
are often found. Acute respiratory distress syndrome
occurs and is associated with a worse prognosis. Chest
radiographs and CT scans show interstitial inﬁltrates, nodules, pleural effusions, mediastinal lymphadenopathy, or
cavitary lesions [31].
Cryptococcal skin involvement is often manifested by
lesions resembling molluscum contagiosum, but other types
of lesions, including papules, pustules, nodules, and cellulitis,
are also found. Disseminated cryptococcosis should be
suspected in febrile HIV-infected patients who present with
skin lesions. Urinary tract involvement occurs commonly and
is usually asymptomatic. The prostate can serve as a sanctuary
for C. neoformans in patients who have had a response to
treatment for meningitis.
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Diagnosis
Microscopic examination of CSF allows a rapid diagnosis.
Analysis with India ink preparation of the pellet obtained
after centrifugation of the CSF allows the diagnosis of
cryptococcal meningitis by showing encapsulated yeasts in
more than 80% of HIV-infected patients. However, many
laboratories no longer perform this assay and rely instead on
the demonstration of cryptococcal antigen in the CSF. In tissues, the organisms are seen as yeasts that are circumscribed
by an unstained halo corresponding to the capsule.
C. neoformans is readily grown in culture at 35–37°C on
many types of culture media, with the exception of those
containing cycloheximide. Growth is usually obtained in
2–7 days, but samples should be incubated at least 4 weeks.
The positivity rate is improved by the collection of larger
volumes of CSF. Blood cultures should be performed in all
patients, and if possible the centrifugation/lysis technique
should be used [32].
Cryptococcal antigen should be searched for in serum and
CSF. Commercially available tests are sensitive (t95%) and
speciﬁc (t95%), and false-positive results are rare. In developing areas, it has been shown that the detection of cryptococcal antigen in the serum of AIDS patients allows the early
diagnosis of a large number of asymptomatic cases [25, 33].
A high serum antigen titer is associated with a higher mycologic failure rate. However, serum titers cannot be followed
to determine the course of the infection as it has been shown
that a lack of decrease is not predictive of a worse outcome.

Treatment
Antifungal agents used to treat cryptococcosis include amphotericin B, ﬂucytosine, and ﬂuconazole [32]. For initial therapy, the combination of amphotericin B and ﬂucytosine has
been shown to be superior to monotherapy, and ﬂucytosine
use is an independent predictor of early mycologic outcome
[28, 34]. Amphotericin B in association with high-dose ﬂuconazole, 800 mg daily, may also be an option [35], and the
combination of high-dose ﬂuconazole and ﬂucytosine has
also been validated.
The appropriate management of elevated CSF opening
pressure strongly inﬂuences early mortality. Overall, mortality remains at 17% in France, although delayed mortality
has been dramatically reduced with the availability of
HAART [28]. Amphotericin B, 0.7 mg/kg daily, and ﬂucytosine, 100 mg/kg daily, is the regimen of choice for induction therapy, when ﬂucytosine is available, and should be
given for a minimum of 14 days [32, 34, 36, 37]. If clinical
outcome is favorable and CSF culture has become negative,
therapy can be switched to oral ﬂuconazole, 400 mg daily,
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for a duration of 8–10 weeks. Maintenance therapy with
ﬂuconazole, 200 mg daily, should be given until persistent
immune restoration is obtained. If the patient has renal failure, liposomal amphotericin B, 3–5 mg/kg daily, can be
used [38, 39]. Ideally, in order to avoid ﬂucytosine hematologic toxicity, serum drug concentrations should be
monitored; a peak ﬂucytosine concentration <100 Pg/mL is
sought.
In patients who have an elevated CSF opening pressure
(t25 cm H2O), repeated lumbar punctures should be performed every 1–3 days in order to withdraw CSF until the
pressure returns to a normal value [32, 40]. In cases of
persistently increased intracranial pressure, a ventriculoperitoneal shunt or a lumbar drain should be placed. Mannitol and
acetazolamide have not been proven to be helpful for the
management of raised intracranial pressure, and steroids have
been reported to be deleterious based on a post hoc analysis
of a large clinical trial [41].
For patients who have localized extrameningeal
cryptococcosis, such as pulmonary infection in the absence
of dissemination, ﬂuconazole, 400 mg daily, can be given.
However, with disseminated infection, the treatment is the
same as that outlined for meningeal cryptococcosis [32].
In a patient who is noted to have an isolated positive serum
cryptococcal antigen titer, an exhaustive workup should be
performed to search for a site of infection, and if none is found
and the patient has a CD4 count <200/PL, therapy with ﬂuconazole should be initiated.
Before the availability of HAART, relapses were observed
in 37–60% of patients in whom maintenance therapy with an
azole was stopped. In the HAART era, several studies have
clearly demonstrated that maintenance therapy can be safely
withdrawn in patients who are on HAART and who have a
CD4 cell count >100/PL and an undetectable viral load for at
least 3 months [42–45].
Primary prophylaxis with ﬂuconazole or itraconazole has
been shown to reduce the incidence of cryptococcal disease
without any impact on mortality. Prophylaxis is not
recommended in developed countries that have relatively low
rates of cryptococcosis. However, in developing countries,
such as Thailand, where the prevalence of cryptococcosis is
as high as 38% of all hospitalized patients, ﬂuconazole,
400 mg weekly, has been found to be effective, and this
regimen has now been adopted by several countries in Africa
and Southeast Asia [46].

Pneumocystosis
This chapter does not address Pneumocystis jiroveci infections
in AIDS patients. For a detailed discussion on this topic, see
Chap. 26.
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Dimorphic (Endemic) Fungal Infections
Among fungal infections due to dimorphic fungi, only three –
histoplasmosis, coccidioidomycosis, and penicilliosis – are
frequently found in AIDS patients [7, 47–49].

Histoplasmosis
Histoplasmosis due to H. capsulatum is endemic in the
USA, the Caribbean, and Central and South America and
occurs with much less frequency in Africa and Southeast
Asia. In HIV-positive patients living in endemic areas in the
midwestern USA, the incidence of histoplasmosis varies
from 1% to 25% [48, 50]. Disease can be due to primary
infection following an exposure event or to reactivation of a
latent infection. Outside endemic areas, such as when histoplasmosis occurs in Europe, infection usually represents
reactivation occurring several years after the primary infection [8, 49]. It is important to obtain a travel history, including trips to and former residence in geographic areas
endemic for histoplasmosis, and to ask about activities, such
as spelunking, cleaning old buildings, or disrupting soil.
Histoplasmosis generally occurs in patients with CD4 counts
<100 cells/PL and is an AIDS-deﬁning illness in its disseminated form.

Clinical Manifestations
In AIDS patients, histoplasmosis is usually disseminated
and presents with fever, weight loss, fatigue, and night
sweats. Pneumonia is present in over half of the cases, and
hepatomegaly, splenomegaly, and lymphadenopathy are
common ﬁndings. Signs and symptoms of septic shock and
respiratory failure are seen in about 10% of cases and are
associated with a poor prognosis [51]. Central nervous system involvement, either meningitis or a space-occupying
lesion, occurs in approximately 15% of patients [48].
Various cutaneous lesions are seen, including maculopapular rashes, pustules, papules, and ulcers, and mucosal ulcers
are typical. Gastrointestinal involvement is fairly frequent,
manifesting as fever, abdominal pain, anorexia, and weight
loss. Mediastinal granuloma and chronic cavitary lung disease are unusual in this population.
Histoplasmosis due to H. duboisii does not occur frequently in AIDS patients. This form of histoplasmosis is seen
exclusively among patients living in, or having traveled to,
Central and West Africa and Madagascar. It is likely that histoplasmosis due to H. duboisii is underdiagnosed in the
endemic area [52].

Diagnosis
Pancytopenia is common at presentation. Increases of
serum lactic dehydrogenase and ferritin are commonly
found but are nonspeciﬁc. The chest radiograph demonstrates
patchy inﬁltrates or diffuse interstitial pneumonitis in more
severe cases.
Microscopic examination of biopsy specimens or body
ﬂuid aspirates represents the fastest diagnostic approach, but
the sensitivity varies. The greatest yield is from bone marrow,
skin, and mucosal lesions. The classic 2–4 Pm budding yeasts,
visualized best by periodic acid–Schiff or methenamine silver
stains, should be sought. The typical yeasts also can be seen
in smears of buffy coat or blood. Material for culture for
H. capsulatum should be obtained from blood, bone marrow,
bronchoalveolar lavage ﬂuid, and tissue samples.
Serodiagnostic tests by immunodiffusion or complement
ﬁxation are often negative but may be helpful when positive.
Histoplasma antigen detection in blood, urine, or CSF is a
speciﬁc and sensitive test among patients with disseminated
disease. Antigenuria correlates well with response to therapy
and is useful to detect relapsing histoplasmosis [53].

Treatment
Amphotericin B and itraconazole are effective against both
H. capsulatum and H. duboisii [53]. Among patients with
severe disease, including those with diffuse pneumonia, septic
shock, or other life-threatening complications, initial treatment should be with liposomal amphotericin B, 3 mg/kg daily,
or alternatively, amphotericin B, 0.7–1.0 mg/kg daily [53].
When patients have improved, generally after several weeks,
the regimen can be switched to oral itraconazole, 200 mg twice
daily for 12 months. Milder illness due to histoplasmosis can
be treated initially with itraconazole, beginning with a loading
dose of 200 mg thrice daily for 3 days, then giving 200 mg
twice daily for 12 months [53]. Monitoring of serum itraconazole levels is mandatory in AIDS patients. Fluconazole is less
effective than itraconazole, but can be given at a dosage of
400–800 mg daily if itraconazole is not tolerated. The role
of newer azoles has not been established.
Maintenance therapy with itraconazole is necessary to
avoid relapses in AIDS patients. Before 1996, relapse rates
varied between 35% and 80%. In the HAART era, a prospective study has clearly documented that withdrawal of itraconazole is a safe strategy in patients who have been treated with
itraconazole for at least 12 months, have at least two measurements of CD4 cell counts >150/PL in the preceding 6 months,
and have received HAART for at least 6 months [54].
Maintenance therapy should be restarted when CD4 cells fall
below 100/PL. Primary prophylaxis can be considered in areas
in which the incidence of histoplasmosis is highest [55].
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Coccidioidomycosis
Coccidioides immitis and Coccidioides posadasii are
dimorphic fungi found in semi-arid areas in the southwestern
USA, Mexico, and Central and South America, The disease
is acquired by inhalation of arthroconidia present in the soil.
The lung is the primary target organ. In highly endemic
areas, such as Arizona, the annual rate of infection is as high
as 27% among patients with AIDS compared with <4% in
non-AIDS patients [56]. Disease can occur following reactivation or as a primary infection. Extrathoracic coccidioidomycosis involving sites other than the respiratory tract
is an AIDS-deﬁning illness. Risk factors for developing coccidioidomycosis in HIV-infected patients include African
American race, the presence of oropharyngeal candidiasis
(undoubtedly reﬂecting immune suppression), and lack of
treatment with HAART [57].
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Treatment
The drug of choice for severe life-threatening coccidioidal
infection, including diffuse reticulonodular lung involvement,
is amphotericin B, 1 mg/kg daily, or a lipid formulation of
amphotericin B, 3–5 mg/kg daily [60]. When the disease is
controlled, generally after 2–3 weeks, switching to an oral
triazole drug should be considered. Fluconazole 400 mg daily
is a good alternative, particularly in patients with meningitis;
itraconazole 400 mg daily has also given good results, especially in patients with skeletal disease [60, 61]. Fluconazole is
the currently preferred treatment of coccidioidal meningitis
[60]. Lifelong maintenance therapy with a triazole, either ﬂuconazole 400 mg daily or itraconazole 400 mg daily, is necessary to avoid relapse in AIDS patients [62].

Penicilliosis

The most common symptoms of coccidioidomycosis in
AIDS patients are fever, cough, and weight loss. Chest
radiography reveals a variety of abnormalities, including
focal pulmonary alvelolar inﬁltrates, discrete nodules, hilar
lymphadenopathy, and pleural effusions in more than 60%
of patients. In 40% of those with radiographic ﬁndings, a
diffuse reticulonodular inﬁltrate is present. Approximately
12% of patients develop meningitis. Lymphadenopathy,
cutaneous lesions, and subcutaneous abscesses are common. Fungemia, thyroiditis, peritonitis, adrenal involvement, osteoarticular disease, and prostatic involvement also
have been reported [56, 58, 59].

Penicillium marneffei is a dimorphic fungus present in soil in
Southeast Asia, including northern Thailand, south China,
Laos, Cambodia, and Vietnam. A few cases of penicilliosis
have also been reported from Hong Kong, India, and
Indonesia. A probable autochthonous case was reported in
Africa. Penicillium marneffei is associated with several species of bamboo rats; however, contact with soil seems the
most important risk factor regarding exposure to this fungus.
In northern Thailand, penicilliosis has become the third most
common AIDS-deﬁning opportunistic disease, following
tuberculosis and cryptococcosis [47, 63, 64]. Penicilliosis
probably occurs as a silent primary infection and only
becomes clinically apparent following reactivation years
later when cellular immunity is profoundly depressed due to
advanced HIV disease [65].

Diagnosis

Clinical Manifestations

The CD4 cell count is usually <200 cells/PL and often <50
cells/PL. Deﬁnitive diagnosis relies on visualization of the
typical large spherules containing numerous endospores in
clinical specimens and isolation of Coccidioides species in
culture. Coccidioides are considered to be bioterrorism
agents, and thus this organism cannot be handled in clinical microbiology laboratories. Serologic tests, including
complement ﬁxation and immunodiffusion, can be negative in as many as 25% of AIDS patients with active coccidioidal disease. Cerebrospinal ﬂuid analysis typically
shows leukocytic pleocytosis, decreased glucose, and
increased protein values. Culture for Coccidioides species
in CSF is often negative, but serology is positive and can
establish the diagnosis of coccidioidal meningitis.

The portal of entry is the lung in most reported cases. As
with histoplasmosis, disseminated penicilliosis is very common at presentation, and CD4 counts are uniformly very low,
usually below 50 cells/PL. In one study of 92 patients with
disseminated penicilliosis seen at Chiang Mai University
Hospital in Thailand, 86 (93%) were HIV infected [47]. The
mean duration of illness before patients presented for care in
this study was 4 weeks (range 1 day to 3 years). Most patients
were young men. The clinical characteristics of these patients
included fever (93%), anemia (78%), pronounced weight
loss (76%), skin lesions (68%), generalized lymphadenopathy (58%), hepatomegaly (51%), cough (49%), diarrhea
(31%), splenomegaly (16%), and jaundice (8%). Skin lesions,
especially a generalized papular rash, are very suggestive of
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the diagnosis of penicilliosis in patients at risk. Some of the
papules with central umbilication mimic lesions caused by
molluscum contagiosum. Subcutaneous nodules, acne-like
lesions, and folliculitis may also be present. Genital ulcers
and palatal papules also have been reported. Chest radiography is abnormal in almost 30% of patients with disseminated
penicilliosis. Diffuse reticulonodular opacities and localized
alveolar opacities are most common, and diffuse alveolar
inﬁltrates and pleural effusion are less common [63, 64].

Diagnosis
Imported cases of penicilliosis are generally diagnosed earlier in the course of disease. Fever, with or without pancytopenia, skin, and/or lung lesions could also suggest a
diagnosis of leishmaniasis or disseminated histoplasmosis.
For any HIV-positive patient, a history of living in or previous travel to Southeast Asia is the ﬁrst clue suggesting a
diagnosis of penicilliosis [8, 49].
In the Chiang Mai series, diagnosis of penicilliosis was
made by culture of the fungus from blood (76%), skin lesions
(90%), bone marrow aspirate (100%), and sputum [47]. At
25°C, the organism grows as a mould within several days.
The organism has a symmetric or asymmetric biverticillium
structure and produces a distinctive red pigment that diffuses
into the culture medium. The organism grows as a yeast
when incubated at 35–37°C. The galactomannan test for
detection of Aspergillus antigen cross-reacts with P. marneffei;
however, the diseases are clinically different and direct
examination of culture easily distinguishes between the two
organisms. A presumptive diagnosis of penicilliosis can be
made by examination of sputum or from biopsy material
from bone marrow, skin, or lymph node. The typical oval or
elongated, nonbudding P. marneffei yeasts that are 8–13 Pm
in length, with a characteristic septation, should be sought.

Treatment
Itraconazole and amphotericin B are the mainstays of therapy
for penicilliosis in all patients, regardless of their immune status. A combination regimen of induction treatment with
amphotericin B 0.6 mg/kg daily for approximately 2 weeks,
followed by consolidation treatment with itraconazole 400 mg
daily for 10 weeks, has been reported to be effective in 95%
of patients [66]. This regimen clears fungal cultures more
rapidly than a course of itraconazole alone. Voriconazole has
also been shown to be effective. Suppressive therapy with
itraconazole, 200 mg daily, is recommended for all patients
with persistent immunocompromise [67]. In geographic areas
in which P. marneffei is endemic, primary prophylaxis with
itraconazole 200 mg daily is recommended [68].

Paracoccidioidomycosis
Paracoccidioidomycosis is not commonly reported in AIDS
patients, a fact that remains unexplained. In a review of 27
cases, paracoccidioidomycosis occurred mainly in patients
with advanced AIDS who were not receiving prophylaxis
with trimethoprim-sulfamethoxazole for P. jiroveci [69]. In
areas endemic for Paracoccidioides brasiliensis, HIV positivity has been limited mostly to larger towns, and paracoccidioidomycosis is generally seen more in rural areas. Almost all
reported cases of AIDS-associated paracoccidioidomycosis
have occurred in Brazil, with only one case reported from
Venezuela. In the series reported by Goldani and Sugar, the
overall male-to-female ratio was 3.5:1, which is lower than
the sex ratio of 13:1 observed in the HIV-negative population
[69, 70]. Reactivation of latent disease probably accounts for
most cases, but among patients living in rural areas, primary
infection cannot be excluded [70]. Most of the reported
patients had advanced AIDS with CD4 cell counts well below
200/PL.
In most AIDS patients with paracoccidioidomycosis, the
disease is widely disseminated. About two-thirds of patients
have lung involvement with severe cough and dyspnea. Chest
radiography is usually nonspeciﬁc, revealing diffuse
interstitial inﬁltrates in most patients. Approximately 50% of
patients have skin lesions that include a diffuse maculopapular rash, nodules, or ulcerative lesions. Adenopathy is present
in approximately one-third of patients. Prolonged fever,
weight loss, hepatomegaly, and splenomegaly are common.
Meningitis is rare.
The diagnosis of paracoccidioidomycosis is usually made
by direct microscopic examination and culture of clinical
specimens, most commonly skin and lymph nodes. Biopsy
material shows the characteristic large yeast with multiple
buds around its border. Cultures of blood, bone marrow, and
sputum may also be positive. Antibody detection is positive
in a small number of patients. An assay for P. brasiliensis
antigen and PCR for P. brasiliensis DNA are promising
diagnostic tools in these patients.
Therapeutic options include trimethoprim-sulfamethoxazole,
amphotericin B, ketoconazole, and itraconazole as primary
treatment. Lifelong maintenance therapy with trimethoprimsulfamethoxazole or itraconazole is recommended [71].

Blastomycosis
Blastomycosis is uncommon among HIV-infected patients
[72]. Over 30 cases of blastomycosis have been reported in
patients with AIDS, and most had CD4 cell counts well
below 200/PL. Reactivation disease can occur as evidenced
among patients who have been out of the endemic area for

532

several years when they develop blastomycosis. Localized
pleuropulmonary disease and disseminated infection have
been seen in AIDS patients. Disseminated disease is associated with a high early mortality.
Amphotericin B is considered the initial treatment of
choice for patients with severe disease and for all immunosuppressed patients [73]. For patients who are improved
after 2–4 weeks of therapy with amphotericin B, it is reasonable to switch to oral itraconazole, 200 mg twice daily,
and to maintain chronic suppressive therapy with itraconazole indeﬁnitely in those patients who remain severely
immunosuppressed [72, 73].

Sporotrichosis
Sporotrichosis usually manifests as a localized lymphocutaneous disease in the immunocompetent host. Disseminated
disease occurs most frequently in severely immunocompromised individuals. In a review of 16 cases of disseminated
sporotrichosis among HIV-infected patients, all patients
presented with diffuse ulcerative skin lesions [74]. Other
sites of disease included the CNS, joints, eyes, spleen, and
bone marrow. Sporothrix schenckii fungemia was noted in
two patients. Fifteen of the 16 patients were men. The mean
CD4 cell count was 73/PL. Six of these patients died despite
therapy. A second series of cases of sporotrichosis in AIDS
patients has recently been reported [75].
Examination of tissue biopsies or material aspirated
from skin lesions usually leads to the diagnosis when the
typical cigar-shaped yeast forms are seen. However, the
organism may be hard to discern. Culture of tissue or body
ﬂuids at 25°C reveals the mould form of S. schenckii.
The optimal therapy for disseminated sporotrichosis in HIVpositive patients has not been determined. Amphotericin B for
the most severe cases followed by itraconazole appears to be
the most reasonable approach to therapy. Itraconazole should
be considered for long-term maintenance therapy among those
patients who remain immunosuppressed [76].

Other Opportunistic Moulds and Yeasts
Aspergillosis
Invasive aspergillosis has been reported among patients with
advanced HIV disease, especially in patients with CD4 cell
counts <50/PL [77–79]. The classic risk factors for invasive
aspergillosis, namely, neutropenia and corticosteroid therapy,
are absent in many of the reported Aspergillus infections in
persons with AIDS.
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The lungs are the most common site of infection. In a
study of 33 AIDS patients with invasive aspergillosis, most
of whom had pulmonary disease, fever, cough, and dyspnea
were the predominant symptoms, and chest pain and hemoptysis were noted less frequently [79]. On chest radiographs,
nodular lesions and cavitary inﬁltrates are common and suggestive of aspergillosis; bilateral interstitial inﬁltrates are
also noted. Invasive necrotizing tracheobronchitis, manifested by acute dyspnea and wheezing, is a clinical form of
aspergillosis also seen in AIDS patients. Bronchoscopy
reveals necrotic ulceration of the trachea with pseudomembranes [80]. Obstructing bronchial aspergillosis with chest
pain, hemoptysis, and dyspnea may precede necrotizing tracheobronchitis [77]. A majority of patients have a history of
prior pulmonary infection; preexisting cystic pulmonary
lesions and bullae may represent risk factors for invasive pulmonary aspergillosis among patients with AIDS.
Disseminated aspergillosis can occur and often involves the
CNS and myocardium. Aspergillus endocarditis and sinusitis
also have been reported among patients with AIDS.
There is a good correlation between a positive bronchoalveolar lavage culture for Aspergillus and histologically
proven diagnosis in immunocompromised patients, including AIDS patients. The Aspergillus species most often implicated in disease are A. fumigatus, Aspergillus ﬂavus,
Aspergillus niger, and Aspergillus terreus. Detection of
galactomannan antigen in serum or bronchoalveolar lavage
ﬂuid and/or PCR for Aspergillus may help to establish the
diagnosis of invasive disease.
Although not speciﬁcally studied for AIDS patients, voriconazole has now become the recommended therapy for
invasive aspergillosis in all patient groups, including AIDS
patients [81]. Drug interactions with protease inhibitors and
non-nucleoside reverse transcriptase inhibitors have to be
carefully monitored when azole agents are used. An alternative therapy is a lipid formulation of amphotericin B. The
prognosis of invasive aspergillosis in AIDS patients is poor,
with a mean survival of 2–4 months despite antifungal treatment. This opportunistic infection is very unusual among
patients receiving and responding to HAART.

Other Moulds
Zygomycosis, or mucormycosis, is usually encountered
among AIDS patients with other risk factors, including
diabetic ketoacidosis, neutropenia, hemodialysis, and intravenous drug use. Isolated renal infection has been described
[82–84]. Rhinocerebral disease and brain abscesses,
cutaneous infections, osteoarticular infections, and an
unusual presentation with pharyngeal ulcerations have all
been reported in AIDS patients [85–90]. The causative
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organisms of zygomycosis in AIDS patients have included
Absidia corymbifera, Cunninghamella bertholletiae, and
Rhizopus oryzae.
Scedosporium apiospermum (Pseudallescheria boydii)
infections in patients with AIDS include pneumonia, renal
infection, endocarditis, meningitis, brain abscess, and sinusitis [2, 91–95]. Scedosporium proliﬁcans was responsible
for a case of cutaneous and pulmonary disease [2]. Other
uncommon moulds causing infections among AIDS patients
include invasive alternariosis [96], disseminated and pulmonary adiaspiromycosis [97, 98], disseminated cutaneous
Emmonsia pasteuriana infection [99], invasive Fusarium
infections [100–102], and infections due to Schizophyllum
commune, Scytalidium dimidiatum, and Lecythophora hoffmannii [103, 104].

Other Yeast-Like Fungi
Several cases of infection due to Saccharomyces cerevisiae in
AIDS patients have been reported [2, 3, 105], and catheterassociated fungemia due to Rhodotorula rubra has been noted
[106]. Three cases caused by Trichosporon species have been
reported in AIDS patients, including two with central venous
catheter–associated fungemia and one with peritonitis and a
peritoneal catheter. Outcome was favorable in each case with
antifungal treatment and removal of the catheter [107–109].

Impact of Antiretroviral Therapy on Fungal
Infections
Antiretroviral therapy has had a major impact on the natural
course of opportunistic infections in AIDS patients. Therapy
has led to a marked decrease in the number of infections and
has made it possible to stop primary prophylaxis for fungal
infections and suppressive therapy of established fungal
infections [110, 111]. The routine use of HAART has
resulted in dramatic declines in morbidity and mortality
among HIV-infected patients with advanced immune dysfunction [111]. In effectively treated patients, the incidence
of opportunistic infections has decreased 50–70%. HAART
has had an especially important impact on the incidence of
P. jiroveci pneumonia, Mycobacterium avium complex disease, cytomegalovirus infection, mucosal candidiasis, cryptococcosis, dimorphic fungal infections, and invasive
aspergillosis. Additionally, suppressive therapy for mucosal
candidiasis, histoplasmosis, and cryptococcosis are no longer
needed when immune reconstitution occurs with HAART
[112]. Clinical resistance to ﬂuconazole in patients with
mucosal candidiasis has almost disappeared in patients
responding to HAART.
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A successful response to HAART is characterized by a
marked reduction in viral load and a subsequent increase in
CD4 cell count. However, the partial restoration of cell-mediated immunity and possibly other immune effectors may
facilitate the development of an inﬂammatory reaction at the
site of previous infection, which can mimic reactivation of the
opportunistic disease [113]. Immune reconstitution inﬂammatory syndrome (IRIS) has been reported in AIDS patients
with cryptococcosis and histoplasmosis [114–121]. The
symptoms and signs of IRIS raise the diagnostic challenge for
the clinician to decide whether the patient is experiencing a
relapse of the initial infection, a new infection, or IRIS. The
issue of timing of the initiation of HAART following initial
treatment of an acute opportunistic infection is still not clariﬁed. In cases of IRIS, treatment with anti-inﬂammatory
agents, including corticosteroids, may be effective without
necessitating a change in HAART or the anti-infective
treatment.
In a prospective study of 101 AIDS patients who had
cryptococcal meningitis, IRIS developed in 13% [120]. Risk
factors for development of IRIS that were noted in various
studies include early initiation of HAART after the diagnosis
of cryptococcosis, high CSF antigen titer, fungemia, low
CD4 cell count, and high viral load. IRIS can present as
aseptic meningitis with increased intracranial pressure. Other
manifestations include necrotic lymphadenopathy, necrotizing pneumonia, and cerebral or medullary abscesses.
Although guidelines recommend starting HAART shortly
after the occurrence of an opportunistic infection, some recommend waiting until CSF cultures have become negative
[62]. In cases of IRIS reported during the course of histoplasmosis in AIDS patients, uveitis, liver abscesses, arthritis, and
necrotizing lymphadenopathy have been reported.
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pathogens, 456
treatment, 456–457
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Beta-D-glucan testing, 16, 187, 255, 442, 471
Bezoars. See Fungal balls
Bioﬁlms, azole resistance and, 145
Bipolaris spp., 72, 80, 309, 311
Black grain eumycetoma, 416, 418–421. See also Eumycetoma
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clinical manifestations, 235
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Aspergillus-associated, 252
Burning mouth syndrome, Candida, 173

C
Calcineurin inhibitors, after organ transplantation, fungal infections
and, 515, 517
Calcoﬂuor white stain, 6, 214, 343, 368, 473
CaMDR1 multidrug transporter gene, azole resistance and, 73
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hepatosplenic, 181–182
ocular, 180
diagnosis, 188
epidemiology, 170–171
mortality rates, 170–171
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clinical manifestations, 180–181
endarteritis, 181
endocarditis, 180–181, 195
myocarditis, 180
pericarditis, 180, 195
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clinical manifestations, 182–183
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treatment, 196
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beta-D-glucan assay, 16, 187
blood cultures, 8, 187
PNA FISH test, 187
polymerase chain reaction, 17, 187
serologic testing, 187
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ﬂucytosine for, 57, 58, 188, 195
in HIV/AIDS, 168, 171, 172, 174–176, 179, 188–191
in intensive care patients, 153, 167, 168, 193, 196–197
mediastinitis, 513–514
neonatal, 182
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treatment, 192, 196
pathogenesis, 168, 170, 177, 180
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for neonatal candidiasis, 182

for neutropenic patients, 170, 182
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clinical manifestations, 184–185
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diagnosis, 184
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treatment, 194
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clinical manifestations, 176–178
diagnosis, 178
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antifungal activity in vitro, 97, 98
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for candidiasis, 187, 189, 190, 192, 193, 195
after stem cell or marrow transplantation, 102
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drug interactions, 103–104
pharmacodynamics, 99, 128–130
pharmacokinetics, 101–102
resistance to, 106
safety and tolerance, 103
structure, 96
CDR genes, azole resistance and, 73
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Cell wall, 3
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Central nervous system infection
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in histoplasmosis, 324–327
in paracoccidioidomycosis, 374, 375
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Clinical specimens
collection, 6, 8, 441
direct microscopic examination, 6–7
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Coccidioides posadasii, 350
Coccidioides spp.
ecology, 350
life-cycle, 349–350
taxonomy, 350
Coccidioidin skin test reactivity
prevalence, 349, 351
relation to disease, 353
Coccidioidomycosis, 349–361, 530–531
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after organ transplantation, 357, 518, 520
azoles for, 78–80, 359–361
clinical manifestations, 353–358, 530
CNS disease, 353
diagnosis, 358–359
disseminated, 356–358, 360–361
epidemiology, 350–352, 530
erythema multiforme, 349, 354
erythema nodosum, 353, 354
in HIV-AIDS, 357, 530
immune response, 353
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ostecorticular disease pathogenesis, 352–353
in pregnancy, 358
prevention, 361
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Colletotrichum gloeosporioides, 297
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in coccidioidomycosis, 15, 358
in histoplasmosis, 14, 330
Computed tomography
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in mediastinal granuloma, 326
in pulmonary aspergillosis, 250–251, 468, 469
Conidiobolomycosis, 274, 275
Conidiobolus coronatus, 274
Conidiobolus incongruous, 274
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amphotericin B and, 46
fungal infections and, 467
post-transplant, 512, 513, 517
for histoplasmosis, 323, 328, 331, 332, 345
phaeohyphomycosis and, 305, 308
for pneumocystosis, 438, 439
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251, 254, 468
Cryotherapy, for chromoblastomycosis, 430
Cryptococcosis, 207–222
after organ transplantation, 208, 517
antigen testing, 215, 218
azoles for, 77, 157
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clinical manifestation, 77, 210–214, 527
diagnosis, 214–215, 528
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ﬂucytosine for, 215, 219
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clinical manifestation, 210–214, 527
in HIV-AIDS
adjunctive therapy, 221, 528
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maintenance therapy, 218, 220–221, 528
in HIV-negative patient, 216–218
immune reconstitution inﬂammatory syndrome
in HIV-AIDS, 213–214, 527
increased intracranial pressure, 212, 218, 221
prognostic factors, 212
organism, 207, 528
pathogenesis, 209–210
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Phaeohyphomycoses
Denture stomatitis, 172, 173, 175
Desert rheumatism coccidioidomycosis, 354
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Emmonsia parva, 457
Emmonsia pasteuriana, 497, 533
Empirical antifungal therapy
after stem cell or marrow transplantation, 502
in neutropenic patients, 478
Endemic mycoses. See Dimorphic fungi
Endocarditis
Aspergillus, 253
Candida, 180–181, 195
Histoplasma, 326, 328, 332
S. cerevisiae, 230
Endocrine disturbances
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pharmacokinetics, 63–65
prophylaxis, 33, 81–82
after solid organ transplantation, 520
after stem cell or marrow transplantation, 502
for candidiasis, 167–168
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exposure and transmission, 28–30
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pericarditis in, 326, 327, 332
prevention, 332–333
pulmonary
acute, 324–325, 331
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treatment, 331–332
serologic testing, 330
with TNF antagonist therapy, 323
treatment, 78, 331–332, 529
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HIV/AIDS, fungal infections in, 525–533
aspergillosis in, 532
blastomycosis in, 343, 531–532
candidiasis in, 74–75, 172, 174, 525–527
coccidioidomycosis in, 357, 530–531
cryptococcosis in, 77, 209, 211, 216–221, 399, 527
meningeal, 217, 527–528
pulmonary, 216–218, 527
histoplasmosis in, 323, 327, 529
immune reconstitution inﬂammatory
syndrome, 533
paracoccidioidomycosis in, 369, 531
penicilliosis in, 399, 401, 405, 530–531
pneumocystosis in, 438–440, 442, 443 (see also Pneumocystis
jiroveci pneumonia)
Saccharomyces cerevisiae infection in, 533
scedosporiosis in, 533
sporotrichosis in, 532
trichosporonosis in, 533
zygomycosis in, 532
Homographiella aspergillata, 456
Hortea werneckii (Phaeoannellomyces werneckii, Exophiala
werneckii), 307
Hospital water supplies, contamination, aspergillosis
from, 32, 246
Human immunodeﬁciency virus infection. See HIV/AIDS
Hyaline moulds. See Hyalohyphomycosis
Hyalohyphomycosis
characteristics of agents, 282
speciﬁc agents, 5, 281–297
speciﬁc diseases
caused by Acremonium spp., 293–294
caused by Chrysosporium spp., 297
caused by Paecilomyces spp., 295–296
caused by Scopulariopsis spp., 294–295
caused by Trichoderma spp., 296–297
fusariosis, 281–285
scedosporiosis, 289–291
susceptibility data, 282
Hydrocortisone, amphotericin B and, 46, 47
Hyperbaric oxygen, for mucormycosis, 273–274
Hyperthermia
for chromoblastomycosis, 393
for sporotrichosis, 393
Hyphae, 3
Hyphomycetes, 4–5

I
Immune response
in aspergillosis, 246–247
in coccidioidomycosis, 353, 357
in cryptococcosis, 209
in histoplasmosis, 321, 323
to medically relevant fungi, 155
in paracoccidioidomycosis, 371–372
Immunohistochemical staining, 17
Immunodiffusion test
in aspergillosis, 14
in histoplasmosis, 14, 330
Immunodiffusion tube precipitin (IDTP) test, in coccidioidomycosis,
14, 358
Immunosuppressive net state, after organ transplantation, factors
affecting, 511, 512
India ink stain, 6
for cryptococcosis, 214

Index
Intensive care unit, candidiasis prophylaxis in, 196–197
Intertrigo, Candida, 174, 175, 526
Intracranial pressure, in cryptococcal meningitis,
212, 221, 527
Iron, serum, mucormycosis and, 267–268
Itraconazole, 61–83
adverse effects, 73–74
chemistry, 61, 62
drug interactions, 66–70
indications
for aspergillosis, 80, 249, 256, 257, 475
for blastomycosis, 78–79, 345–346
for candidiasis, 74–77, 187–188, 504
for chromoblastomycosis, 430–431
for coccidioidomycosis, 78–80, 359, 530
for cryptococcosis, 77–78, 219–220, 528
for eumycetoma, 421–422
for histoplasmosis, 78–79, 331–332, 529
for malassezioses, 231
for mucormycosis, 272
for neutropenic fever, 475–476, 483
for onychomycosis, 76
for Paecilomyces infections, 296
for paracoccidioidomycosis, 79, 379–380
for penicilliosis, 79–80, 408, 531
for phaeohyphomycosis, 80, 313
for scedosporiosis, 80, 291
for Scopulariopsis spp., infection, 295
for sporotrichosis, 79, 393–394
for trichosporonosis, 234
mechanism of action, 62
pharmacodynamics, 126–128
pharmacokinetics, 63–65
prophylaxis, 33, 81
after stem cell or marrow transplantation, 502
for histoplasmosis, 333
in neutropenic patients, 475–476
for penicilliosis, 408–409
resistance to, in vitro, 71, 73
mechanisms of resistance, 142
spectrum of activity, 71, 72
susceptibility testing, 71, 73
for Candida spp., 169, 187–188

J
Joint disease
in blastomycosis, 342
in candidiasis, 186
in coccidioidomycosis, 356–357
in cryptococcosis, 213
in histoplasmosis, 324
in paracoccidioidomycosis, 374
in sporotrichosis, 390

K
Karyotyping, for DNA ﬁngerprinting analysis, 13
Keratitis
Fusarium, 253, 283, 288
in phaeohyphomycoses, 307
Kidney-pancreas transplantation, fungal
infections after, 513
Kidney transplantation, fungal infections
after, 512, 513
KOH preparation, 6
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Index
L
Laboratory diagnostic procedures, 5–7
blood culture, 8
culture, 7–16
direct microscopic examination, 6–7
histopathologic studies, 7
molecular diagnostics, 16–21
molecular identiﬁcation, 9–12
molecular subtyping, 12–13
phenotypic identiﬁcation, 8–9
serologic testing, 13–16
specimen collection, 6
susceptibility testing, 17–21
Lacazia loboi, 455, 456
Laminar airﬂow, after stem cell or marrow transplantation, 503
Latex agglutination test, 14
in aspergillosis, 15
in coccidioidomycosis, 14
in cryptococcosis, 14, 215
Lecythophora spp., 297
Leptosphaeria spp., 415, 416, 421
Leukocyte infusions, amphotericin B and, 46
Lipid preparations of amphotericin B. See Amphotericin B
Lipopeptides, echinocandin. See Echinocandins
Liposomal amphotericin B (L-AmB).
See Amphotericin B, liposomal
for aspergillosis, 256, 257
for cryptococcosis, 216–220, 220, 528
for eumycetoma, 421
for histoplasmosis, 332
for mucormycosis, 272
for neutropenic fever, 477, 480
Liver transplantation, fungal infections after, 513
Lobomycosis, 455–456
Lung and heart-lung transplantation, fungal infections after, 514
Lymphocutaneous sporotrichosis, 389–391
Lysis-centrifugation method for blood cultures, 8

M
Macrophage, in paracoccidioidomycosis, 370, 372
Madurella grisea, 415
Madurella mycetomatis, 415, 417–419, 422
Malassezia furfur
characteristics, 231
susceptibility data, 230, 231
Malassezia pachydermatis, 231
Malassezia spp., 17, 231, 232
Malassezioses
clinical manifestations, 231–232
diagnosis, 232
epidemiology, 231
organism, 231
treatment, 232
Mannan antigen assay for candidiasis, 15
M27-A reference method, for susceptibility testing, 18–20, 71
M38-A reference method, for susceptibility testing, 19
M44-A reference method for susceptibility testing, 19
Marrow transplantation. See Stem cell or marrow transplantation
Mediastinal granuloma, in histoplasmosis, 325–326, 329,
331, 529
Mediastinal lymphadenopathy, in histoplasmosis,
324–326, 330
Mediastinitis
Candida, 514
ﬁbrosing, in histoplasmosis, 326

Melanin production
in Cryptococcus neoformans, 207, 210
by dematiaceous moulds, 312
as virulence factor, 306
Meningitis
Blastomyces, 48, 78
Candida, 183, 196
coccidioidal, 48, 78, 352, 357–359, 361, 530
cryptococcal (see Cryptococcal meningitis)
Histoplasma, 328, 330, 332
in paracoccidioidomycosis, 78, 531
in phaeohyphomycoses, 308, 309, 311
in sporotrichosis, 387, 391, 392
Methenamine-silver stain, 7, 254, 312, 322, 344, 377, 403, 420,
441, 456, 458, 459, 468, 529
Micafungin
antifungal activity in vitro, 98, 290
clinical efﬁcacy, 105
drug interactions, 106
pharmacodynamics, 98–99, 128–130
pharmacokinetics, 96, 104–105
prophylaxis
after stem cell or marrow transplantation, 81–82
in neutropenic patients, 105
safety and tolerance, 106
structure, 96
Microscopic examination, 6–8, 182, 312, 358, 401, 419, 420, 528,
529, 531
Minimum inhibitory concentration (MIC)
interpretation, 18–19, 285
methods for determining, 17
Molecular diagnostics, 16–21
Molecular identiﬁcation, 9–12, 168, 289
Molecular subtyping, 12–13
Mortierella spp., 266
Moulds
characteristics, 8–9
phenotypic identiﬁcation, 8
susceptibility in vitro
to amphotericin B, 18–20
to anidulafungin, 18–19
to azoles, 18–20, 71–73
to caspofungin, 18
Etest method, 19, 20
interpretation, 18
M38-A method, 19
to micafungin, 18, 19
to terbinaﬁne, 114
Mucicarmine stain, 214
for cryptococcosis, 214
Mucocutaneous candidiasis, chronic, 75, 171, 175–176, 191
Mucorales, 4, 7, 265–268, 270–273, 473–474, 517–518
Mucormycosis, 265–274
clinical manifestations, 268–270
cutaneous, 270
disseminated, 270
gastrointestinal, 270
pulmonary, 269
rhinocerebral, 268–269
diagnosis, 270–271
epidemiology, 266
neutrophils, role in, 267
phagocytes, role in, 267
pathogenesis
corticosteroids, role in, 266
diabetes mellitus, 266
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Mucormycosis, 265–274 (cont.)
iron, role in, 267–268
taxonomy, 266
treatment, 271–274
Mucormycotina, 265
Mucor spp., 265, 272, 517
Mulberry-like stomatitis, in paracoccidioidomycosis, 375
Multidrug transporter genes, azole resistance and,
144–145
Multilocus enzyme electrophoresis (MEE), for DNA ﬁngerprinting
analysis, 12
Mycelium, 3–5, 9
Mycetoma, fungal. See Eumycetoma
Mycotoxins
Aspergillus, 245–246
Fusarium, 282–283

N
Natamycin, for Fusarium keratitis, 288
Neonatal candidiasis
congenital cutaneous, 182
prevention, 193–194
systemic, 182
treatment, 193–194
Neutropenic patients
adjunctive antifungal therapy for, 360
amphotericin B empiric therapy for, 34,
50–52
aspergillosis
antifungal therapy, 158–159
clinical manifestations and diagnosis,
248–253
detection of pathogen, 472–473
empirical therapy, 34
primary prophylaxis, 475–476
secondary prophylaxis, 477
surgical management, 485
azoles for, 62, 76, 81, 82
candidiasis in
antifungal therapy, 157–158
clinical manifestations, 171–186
detection of pathogen, 470–472
empirical therapy, 197
primary prophylaxis, 475–477
febrile neutropenia
empirical therapy, 478–480
preemptive therapy, 480–481
fusariosis in, 469–470
G-CSF-stimulated white blood cell
transfusions for, 505
invasive fungal infections in
clinical manifestations, 467
detection of fungal pathogens, 470–474
Aspergillus, 472–473
Candida, 470–472
Fusarium, 473
diagnosis, 467–470
aspergillosis, 468–469
candidiasis, 468
fusariosis, 469–470
mucormycosis, 470
scedosporiosis, 470
trichosporonosis, 470
host factors predisposing to, 467
magnitude and scope of problem, 465–467

Index
prevention of exposure, 474–475
primary prophylaxis, 475–477
secondary prophylaxis, 477
treatment, 482–487
cytokines, 486–487
granulocyte transfusions, 485–486
pharmacological, 482–484
surgical, 485
white blood cell transfusions for, 485–486
Nodules
cutaneous, in chromoblastomycosis, 428
pulmonary, coccidioidal, 354, 355, 360
subcutaneous, in blastomycosis, 342

O
Occupational factors
in blastomycosis, 338
in coccidioidomycosis, 352
in histoplasmosis, 322–323
in paracoccidioidomycosis, 370
in sporotrichosis, 388, 389
Ocular blastomycosis, 342
Ocular candidiasis, 194
Ocular histoplasmosis, presumed, 329
Ocular phaeohyphomycosis, 307
Oomycete, 458
Organ transplantation, solid
aspergillosis after, 243, 512, 515–516
blastomycosis after, 518
candidiasis after, 516, 519, 520
coccidioidomycosis after, 518, 520
cryptococcosis after, 518, 520
endemic mycoses after, 515
fungal infections (invasive) after, 514–515
comorbid conditions and, 512, 515–516
diagnostic approach, 519–520
donor-related, 515
immunosuppressive regimen and, 515
risk factors, 511
timing, 514–515
type of transplant and
heart, 513–514
kidney, 512–513
liver, 513
lung and heart-lung, 514
pancreas and kidney-pancreas, 513
small bowel, 514–515
fusariosis after, 518–519
histoplasmosis after, 518
immunosuppressive net state after, factors affecting,
511, 512
mucormycosis after, 517–518
phaeohyphomycosis after, 518
Pneumocystis jiroveci pneumonia after, 514
sporotrichosis after, 518
trichosporonosis after, 519
Oropharyngeal candidiasis, 171–173, 188–189, 525–526
antifungal refractory, 170
azoles for, 74–77
clinical manifestations, 171–173
in HIV-AIDS, 74, 525–527
prevention, 188–189
treatment, 62, 63, 188–189
Oropharyngeal paracoccidioidomycosis, 374–375
Oropharyngeal ulcers, in histoplasmosis, 327

549

Index
Osseous lesions. See Bone lesions
Otomycosis, Aspergillus, 249
Oxygen, hyperbaric, for mucormycosis, 273–274

P
Paecilomyces spp., 282, 295–296
clinical manifestations, 295–296
diagnosis, 296
epidemiology, 295
susceptibility data, 296
treatment, 296
Pancreas transplantation, fungal infections after, 513
Pancreatitis, Candida superinfections, 196
Papanicolaou stain, 7
Paracoccidioides brasiliensis
identiﬁcation, 367
mycology, 367–368
Paracoccidioidin skin test, 369, 372
Paracoccidioidomycosis, 367–380, 531
acute juvenile form/chronic adult form,
373–376
adrenal dysfunction in, 372, 396
azoles for, 79, 379–380
bone and joint lesions, 374
central nervous system, 376
clinical forms, 370–371
clinical manifestations, 372–376, 531
cutaneous, 373–375
demographic data, 369–370
diagnosis, 377–378, 531
antigen detection, 378
cultures, 377
diagnosis, 377–378, 531
direct examination, 377
histopathology, 377
serologic testing, 377–378
differential diagnosis, 376
ecology, 369
epidemiology, 368–370
gastrointestinal, 380
genitourinary tract, 376
geographic distribution, 368–369
in HIV-AIDS, 369, 531
immune response, 368, 370–374, 376
lymph node involvement, 370, 373
molecular probes in, 378
mucous membrane lesions, 375
pathogenesis, 370–372
pulmonary, 370, 373–376
sequelae, 375
treatment, 378–380
amphotericin B, 379
azoles, 379–380
sulfonamides, 378–379
Paronychia
Candida, 76, 175, 191, 526
Fusarium, 283, 469
PCR. See Polymerase chain reaction (PCR) ampliﬁcation
Penicilliosis, 399–409, 530–531
amphotericin B for, 406
antigen detection, 406–407
azoles for, 408, 409
bamboo rats, role in transmission, 399–401
clinical manifestations, 404–405, 530–531
diagnosis, 405–407

disseminated, 401–405, 407, 408
epidemiology, 400–401, 530–531
history, 399–400
in HIV-AIDS, 404–406, 408–409, 530–531
in HIV-negative patients, 405
pathogenesis, 402–404
prevention, 408, 409
serology, 406
susceptibility data, 407, 408
treatment, 407–409, 531
Penicillium marneffei
characteristics, 401–403
history, 399
identiﬁcation, 399
mycology, 405–406
Pentamidine, for pneumocystosis, 530, 531
after organ transplantation, 519
prophylaxis, 445
Pericarditis
in aspergillosis, 253
in candidiasis, 195
in histoplasmosis, 326, 327
Periodic acid-Schiff staining, 7, 214
Peritoneal dialysis, Candida peritonitis complicating,
186, 195
Peritonitis
Candida, 106, 185, 186
Perleche, 172, 173
Phaeohyphomycoses, 305–314. See also Chromoblastomycosis;
Eumycetoma
after organ transplantation, 305, 306, 512
after stem cell or marrow transplantation, 306
azoles for, 80–81, 313–314
clinical manifestations, 306–312
culture, 312–313
cutaneous, 307
deﬁnition, 305, 427
diagnosis, 312–313
etiological agents, 308–312
Alternaria spp., 309, 310
Bipolaris spp., 309, 310
Cladophialophora spp., 310
Cladosporium spp., 310–311
Curvularia spp., 311
Fonsecaea spp., 310, 311
Phialophora spp., 310, 311
Rhinocladiella spp., 310, 311
Scedosporium spp., 310, 311
Wangiella spp., 310, 312
keratitis in, 307
pathogenesis, 306
sinusitis in, 307
subcutaneous, 307
superﬁcial, 307
taxonomy/ecology, 305
treatment, 313–314
Phialophora spp., 311
Phialophora verrucosa, 9, 309, 427
Piedra
black, 307
white, 232, 233
Pigeon droppings, Cryptococcus neoformans
and, 207, 208
Pityriasis versicolor, 230, 231
Pityrosporum orbiculare, 230
Pityrosporum ovale, 230

550
Plaque skin lesions
in chromoblastomycosis, 428, 429
in sporotrichosis, 389, 390
Pneumocystis jiroveci pneumonia
after organ transplantation, 514, 519
after stem cell or marrow transplantation, 445
in HIV-AIDS, 438–440, 443
identiﬁcation of organism, 437
in lung and heart-lung transplant
recipients, 514
prophylaxis, 438, 439, 445
radiology, 439–440
symptoms and signs, 439
treatment, 442–445
Pneumocystosis
in COPD, 438, 447
epidemiology, 437–438, 528
extrapulmonary, 440
host defenses, 438
laboratory diagnosis, 440–442
microbiology, 439
monitoring therapy, 443–445
pathogenesis, 438–439
prevention, 445–447
pulmonary, 439–440
sulfonamide resistance/dihydropteroate synthase
mutations, 447
treatment, 442–445, 528
Polymerase chain reaction (PCR) ampliﬁcation, 10
in aspergillosis, 253, 255, 472, 532
in candidiasis, 17, 130, 187
in fusariosis, 473
nested, 10
panfungal, 17
in paracoccidioidomycosis, 378
in pneumocystosis, 441, 447
Polysaccharide capsule, Cryptococcus neoformans,
207, 209, 210
Posaconazole
adverse effects, 73–74
chemistry, 61, 62
drug interactions, 67–70
indications
for aspergillosis, 255–257, 259
for coccidioidomycosis, 78, 359
for eumycetoma, 421
for fusariosis, 287, 288
for mucormycosis, 272, 273
for phaeohyphomycoses, 313
for trichosporonosis, 234
pharmacodynamics, 63–65, 126–128
pharmacokinetics, 63–65
spectrum of activity, 71, 72
susceptibility testing, 71, 72
Potassium iodide
for entomophthoramycosis, 275
for sporotrichosis, 79, 393
Prednisone, for pneumocystosis, 438, 442, 445
Preemptive antifungal therapy
after stem cell or marrow transplantation, 503
Pregnancy
amphotericin B deoxycholate in, 48
blastomycosis in, 343, 345
coccidioidomycosis in, 357, 358
ﬂucytosine in, 59
Prosthetic valve endocarditis, Candida, 181, 195

Index
Pseudallescheria boydii. See Scedosporium apiospermum
Pseudohypha, 3
Pseudomembranous candidiasis, acute, 172, 173, 525
Pulmonary aspergilloma, 248
Pulmonary aspergillosis, invasive, 246, 250–251, 257, 470, 517
Pulmonary blastomycosis, 325, 337, 340, 344
Pulmonary candidiasis, 183
Pulmonary coccidioidomycosis, 352, 354, 356, 358, 360
Pulmonary cryptococcosis, 218–221
in HIV-AIDS, 218–221, 527
in HIV-negative patient, 216–217
Pulmonary fusariosis, 284, 287
Pulmonary histoplasmosis
acute, 324–325
chronic, 325
complications, 325–327
treatment, 331–332
Pulmonary mucormycosis, 269
in neutropenic patients, 269, 270
Pulmonary paracoccidioidomycosis, 373–376
Pulmonary pneumocystosis, 441, 444, 445
Pulmonary sporotrichosis, 391
Pulmonary toxicity, amphotericin B, 51
Pulmonary trichosporonosis, 233
Pyrimethamine, prophylaxis for Pneumocystis carinii
pneumonia, 445
Pythiosis (Pythium insidiosum), 458–459

R
Radiography, chest
in blastomycosis, 339, 340
in candidiasis, 183
in coccidioidomycosis, 354, 355
in histoplasmosis, 324–327
in paracoccidioidomycosis, 374
in pneumocystosis, 439–440
in pulmonary aspergillosis, 250–251, 468–469
in pulmonary cryptococcosis, 210–212
in sporotrichosis, 391
Ramichloridium spp., 306, 311
Randomly ampliﬁed polymorphic DNA (RAPD) analysis, 10
Repetitive element or complex probe, for DNA ﬁngerprinting
analysis, 12–13
Reproduction of fungi
classiﬁcation based on, 4–5
types, 3
Resistance to antifungal drugs, 135–147
to amphotericin B, 42, 135–137
to azoles, 73, 137–145
by altered drug transport, 138–142
alternative mechanisms, 145
genome approaches, 145
involving alterations in ergosterol biosynthetic pathway, 144
involving alterations of cellular target, 142
multiple mechanisms, 144–145
to echinocandins, 97, 145–146
to ﬂuconazole
in HIV-AIDS, 490
in vitro, 71–72, 114
to ﬂucytosine, 60, 113–114, 137
to voriconazole, 73
Restriction fragment length polymorphism (RFLP) procedure, 10
Rheumatism, desert, coccidioidomycosis, 354
Rhinocerebral mucormycosis, 268–269
Rhinocladiella spp., 310–313
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Index
Rhinosinusitis
Aspergillus, 249–252
in mucormycosis, 268–269
in neutropenic patients, surgical management, 485
Rhinosporidiosis (Rhinosporidium seeberi), 457–458
Rhizopus oryzae (Rhizopus arrhizus), 265
Rhizopus spp., 272
Rhodotorula rubra, 227, 228, 533
Rhodotorulosis, 227–229
clinical manifestations, 228
diagnosis, 228
epidemiology, 227–228
in HIV-AIDS, 533
species, 227
susceptibility data, 227, 228
treatment, 229
RPMI-1640 broth, 18, 19

S
Saccharomyces
clinical manifestations, 229–230
diagnosis, 230
epidemiology, 229
treatment, 230
Saccharomyces cerevisiae
organism, 229
susceptibility data, 230
Saksenaea vasiformis, 265
Scedosporiosis, 289–291
after stem cell or marrow transplantation, 514
azoles for, 80–81
clinical manifestations, 289–290
diagnosis, 290, 292
epidemiology, 291–292, 294
in neutropenic patients, 467
susceptibility data, 290–292
treatment, 294, 295, 297
Scedosporium apiospermum (Pseudallescheria boydii),
289, 311–312, 533
eumycetoma, 312, 415
Scedosporium aurantiacum, 289, 292, 309, 312
Scedosporium proliﬁcans, 291–293, 308, 312, 313,
470, 500, 533
clinical manifestations, 292
epidemiology, 291–292
susceptibility data, 292
treatment, 292–293
Schizophyllum commune, 456, 533
Sclerotic bodies, in chromoblastomycosis, 427, 428
Scopulariopsis brevicaulis, 294, 295
Scopulariopsis spp., 294–295
clinical manifestations, 294
susceptibility data, 295
treatment, 295
Serologic testing, 13–16
for aspergillosis, 14, 15, 271, 520
for blastomycosis, 344
for candidiasis, 14, 193, 520
for coccidioidomycosis, 14, 358–359
for cryptococcosis, 13, 234, 530
for eumycetoma, 420
for histoplasmosis, 13–14, 330
for paracoccidioidomycosis, 377–378
for penicilliosis, 406
for sporotrichosis, 392

Sinusitis
in aspergillosis
allergic, 247
invasive, 249–250
in conidiobolomycosis, 275
in mucormycosis, 269
in phaeohyphomycoses, 305, 307, 310, 311
Sinus tracts, in eumycetoma, 417, 419
Skin lesions
in aspergillosis, 252, 468
in blastomycosis, 337, 341
in candidiasis, 176
in chromoblastomycosis, 428, 429
in coccidioidomycosis, 356, 358
in cryptococcosis, 212–213
in eumycetoma, 391–393, 428–429
in fusariosis, 283, 284
in histoplasmosis, 327
in malassezioses, 230, 231
in mucormycosis, 269, 470
in paracoccidioidomycosis, 370
in penicilliosis, 404
in phaeohyphomycosis, 307
specimen collection and transport, 441
in sporotrichosis, 390–391
in tinea versicolor, 231
in trichosporonosis, 235
Skin test
coccidioidin, 349, 351, 353
histoplasmin, 329
paracoccidioidin, 369, 372, 373
sporotrichin, 392
Small bowel transplantation, fungal infections
after, 514, 516
Solid organ transplantation. See Organ transplantation
Spherules
adiaspiromycosis, 457
coccidioidal, 358
Spores
asexual, 4
sexual, 4
Sporobolomyces, 235, 236
Sporothrix schenckii
identiﬁcation, 387–388
histopathology, 388
mycology, 392
virulence factors, 388
Sporotrichin skin test, 392
Sporotrichosis, 387–395
after organ transplantation, 518
amphotericin B for, 394, 520
asteroid body, 392
azoles for, 78–79, 393–394, 532
central nervous system, 391
in children, 388, 391
clinical manifestations, 389–391
diagnosis, 392
disseminated, 391, 518
epidemiology, 388–389
outbreaks, 387
in HIV-AIDS, 391, 532
hyperthermia for, 393
in immunocompromised population,
391–392
lymphocutaneous, 390, 392, 532
osteoarticular, 390–391

552
Sporotrichosis (cont.)
pathogenesis, 388
potassium iodide for, 393
prevention, 394–395
pulmonary, 391
surgery for, 394
tenosynovitis, 390, 391
terbinaﬁne for, 116, 394
treatment, 392–393
Sporulation, visualization, 9
Staining procedures, 6–7
Stem cell or marrow transplantation
aspergillosis after, 243–247, 498–501
clinical manifestations, 249–253,
498–500
diagnosis, 253–255, 472–473, 500–501
incidence, 475
prevention, 475–477, 501–502
risk factors, 467
surgical treatment, 485–486, 505
treatment, 255–258, 484, 504–505
candidiasis after, 468
clinical manifestations, 171–186, 468,
497–498
diagnosis, 186–188, 470–471, 497
prophylaxis, 193, 197, 475–477
risk factors, 467, 499
treatment, 188–197, 484, 504
fungal infections after, 465–485
adjunctive therapy, 486, 505
antifungal therapy
documented infection, 478
empirical, 478–480
preemptive, 480–481
prophylaxis, 475–477
clinical manifestations, 467–470
environmental control measures, 474–475
risk factors, 467
surgical treatment, 485–486, 505
therapeutic approach, 502–505
type of transplantation and, 467
fusariosis after, 469–470
graft vs. host disease (GVHD), 497,
499–503, 505
mucormycosis after, 470, 471, 481
phaeohyphomycosis after, 308, 312
Pneumocystis pneumonia after, 437
Stomatitis
atrophic, in candidiasis
acute, 172
chronic, 172
mulberry-like, in paracoccidioidomycosis, 375
Sulfonamides. See also Trimethoprim-sulfamethoxazole
for paracoccidioidomycosis, 378–379
for pneumocystosis, 442, 445–447
resistance to, 447
Surveillance, epidemiologic, 27–28
Susceptibility testing, 17–21, 42–43, 128. See also Resistance;
speciﬁc antifungal drugs
agar disc diffusion, 19
Etest, 19
interpretation, 18, 127, 130
M27-A reference method, 18–20, 136
M38-A reference method, 19
M44-A reference method, 19
Syncephalastrum spp., 266
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T
T-cell defect
in chronic mucocutaneous candidiasis, 175–176
Teleomorph, 3
Tenosynovitis, granulomatous, in sporotrichosis, 390–391
Terbinaﬁne, 113–117
adverse effects, 117
antifungal activity in vitro, 113–114
combination therapy, 116–117
dosage and administration, 115
drug interactions, 117
indications
for chromoblastomycosis, 116, 430
for eumycetoma, 116
for onychomycosis, 115–116
for Scopulariopsis spp., infection, 113–114
for sporotrichosis, 116, 394
mechanism of action, 113
pharmacodynamics, 113–114
pharmacokinetics, 114–115
Thrush. See also Oropharyngeal candidiasis
in HIV-AIDS, 189, 526
Thymus transplantation, for chronic mucocutaneous
candidiasis, 191
Tinea versicolor, 230, 231
Trichoderma spp., 72, 282, 297
clinical manifestations, 297
susceptibility data, 72, 297
treatment, 297
Trichosporon asahii, 215, 232, 234, 474
characteristics, 232, 474
susceptibility data, 234
Trichosporonosis, 232–235
after organ transplantation, 519
clinical manifestations, 233–234
diagnosis, 234
epidemiology, 233
in neutropenic patients, 431
organism, 232
treatment, 234–235
Trichosporon spp.,
characteristics, 232
white piedra from, 232, 233
Trimethoprim, plus dapsone, for pneumocystosis, 442–443
Trimethoprim-sulfamethoxazole
for entomophthoramycosis, 275
for paracoccidioidomycosis, 378–379
for pneumocystosis, 442–443
after organ transplantation, 445
prophylaxis, 33
resistance to, 447
dihydropteroate synthase mutations, 447
toxicity, 442
Trimetrexate, plus leucovorin, for pneumocystosis, 445
Tumor necrosis factor antagonists
in blastomycosis, 343
in coccidioidomycosis, 357
in histoplasmosis, 323

U
Ulcers, mucous membrane/skin
in blastomycosis, 340
oropharyngeal, in histoplasmosis, 321
in paracoccidioidomycosis, 375
in phaeohyphomycoses, 307
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Index
Urinary tract infections. See also Genitourinary tract
Candida, 184–185
treatment, 194
S. cerevisiae, 230
Ustilago spp., 456

V
Vaginal discharge, in vulvovaginal candidiasis, 178
Vaginitis
Candida (see Vulvovaginal candidiasis)
S. cerevisiae, 230
Ventriculoperitoneal shunt, for cryptococcal meningitis, 221, 528
Verrucous skin lesions
in blastomycosis, 340–341
in chromoblastomycosis, 428
Vertebral osteomyelitis, in coccidioidomycosis, 356
Viral infections, post-transplant fungal infections and, 512
Visual disturbances, from voriconazole, 74
Vitrectomy, for Candida endophthalmitis, 180
Voriconazole, 61–83
adverse effects, 73–74
chemistry, 61–62
drug interactions, 68–70
indications
for aspergillosis, 80, 255–256
after stem cell or marrow transplantation, 504–505
in neutropenic patients, 484
for blastomycosis, 78–79
for candidiasis, 74–77
for cerebral aspergillosis, 252
for chromoblastomycosis, 431
for coccidioidomycosis, 78–79, 359
for empirical therapy, febrile neutropenic patients, 480
for eumycetoma, 421–422
for fusariosis, 81, 286
for neutropenic fever, 466, 476, 477, 480,
482–483
for paracoccidioidomycosis, 79
for scedosporiosis, 80–81, 290
for trichosporonosis, 234
mechanism of action, 62
pharmacodynamics, 126–128
pharmacokinetics, 63–64
prophylaxis, 81–82
in neutropenic patients, 476
resistance to, 73
spectrum of activity, 71, 72
susceptibility testing, 71, 73

Vulvovaginal candidiasis, 176–178, 190–191
azoles for, 75
in HIV-AIDS, 191
pathogenesis, 176–178
recurrent, 177–178
prevention, 190–191
sexual transmission theory, 177
treatment, 191
vaginal relapse theory, 177–178
symptoms, 178
treatment, 75, 190–191

W
Wangiella dermatitidis, 305, 306, 312
White blood cell transfusions
for chronic mucocutaneous candidiasis, 191
G-CSF-stimulated, in neutropenic patients, 486
indications, 486–487
White piedra, 232
White to yellow grain eumycetoma, 416, 421.
See also Eumycetoma
Wright's stain, 7

Y
Yeasts
characteristics, 3
phenotypic identiﬁcation, 8–9
susceptibility in vitro
to amphotericin B, 42–43, 136
to anidulafungin, 98, 136
to azoles, 71–72, 136
to caspofungin, 101, 136
to ﬂucytosine, 58, 136
to micafungin, 104, 136
to terbinaﬁne, 113–114

Z
Zygomycosis, 265–275. See also Mucormycosis
after organ transplantation, 517–518
after stem cell or marrow transplantation,
501, 504
entomophthoramycosis, 274
in HIV-AIDS, 532–533
in neutropenic patients, 470
taxonomy, 266
treatment, 271–275

